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Introduction
Chapter 1

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 normalsuperconducting 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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Introduction

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 highquality 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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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 widelystudied 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.
13
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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 photoluminescence (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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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
17
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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 nonair 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 onedimensional interface.
The vertical heterojunction is the most widely used configuration up-tothe-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
18
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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 onedimensional 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

20
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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 ntype 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 wellknown 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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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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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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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 ionicliquid gate, we can access a high carrier density regime and tune the intrinsic ntype 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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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 SCnormal 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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Having successfully developed lateral 2D p-n junction devices, in chapter
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(TMDs)-boron nitride (BN) artificial heterostructures using a stacked hBN thin
flake as a mask to partially cover the TMDs transistor channel allowing highdensity hole accumulation (p-region) via localized exposure to the gate-controlled
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2.1 Introduction
Transition metal dichalcogenides (TMDs) such as WS 2, MoS2, MoSe2, and
WSe2 show unique layer dependent properties such as indirect-direct band gap
semiconducting TMD monolayers is due to the absence of interlayer coupling and
the lack of inversion symmetry [1–4], which has made monolayer TMDs promising
for various functionalities in ultrathin, flexible, and transparent devices, such as
transistor [5,6], photodetector [7], and light-emitting diodes [8–11].
Studies of electronic and optical properties of monolayer TMDs have been
widely performed. The study on the exciton and its derivatives such as trions and
biexcitons have been conducted mostly by optical pumping [12–16]. The
measurements include the PL dependence of carrier density controlled by an
electrical field, optical fluence, and circular polarization excited by the circularly
polarized incident light [3,12,17–20]. Recently, features of electrically induced
light emission have been studied although the magnetically induced valley
polarization [21] and chiral light-emitting transistor [10,22]. Specifically, the
experiments of electroluminescence (EL) have been performed on lateral or
vertical p-n junction by irradiative recombination of electrically generates
electrons and holes. The out-of-plane p-n junction was usually fabricated as 2D
heterostructures by stacking two or more monolayer with different intrinsic
doping acting as the p- and n-type semiconductors [23–25]. Meanwhile, lightemitting diodes (LEDs) based on exfoliated MoSe2, WSe2, and WS2 have been
realized also by electrostatically induced p-n homojunction using two independent
gates in the in-plane adjacent regions [8–11]. Alternatively, this lateral p-n
junction can also be made by chemically doping a partially covered few-layer MoS2
[26].
For

application

in

valley

optoelectronics,

lateral

p-n

junction

configuration is more favorable since electronic transport can be confined to the
in-plane direction of the devices. Recent studies reported that the circularly
polarized transition is sensitive to the relative angle between the crystal
orientation and the direction of the applied field [10,27]. Thus fabricating sharp pn interface with definitive control on the orientation is highly demanded in the
future device applications.
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transition and strong photoluminescence (PL). The direct band-gap observed in

Chapter 2

In this chapter, we report the fabrication of lateral p-n junctions based on
stacking TMDs/Boron Nitride (BN) heterostructures. The TMDs flakes were
prepared by mechanical exfoliation for few-layer samples and CVD growth for
monolayers. For making the p-n junctions, the TMDs flakes are partially covered
by a few-layer BN as an isolation mask, which prevents charge accumulation under
the BN mask due to the fact that the BN layer can prevent the direct contact of
ionic liquid on the TMDs surface. Whereas, in the exposed region, carriers are
induced electrostatically by the ionic gating [28], which is much efficient than the
conventional solid-state gating [6,29,30]. Therefore the ambipolar transport of
TMDs can be accessed easily. To stabilize the ion movement, the so-called
freezing-while-gating technique was performed by cooling the ionic liquid down
below its glass transition temperature [29]. The as-prepared device shows gate
tunable diode rectification and sharp EL emission profile. For the monolayer case,
strong EL in the visible range (~620 nm) indicates a well-defined lateral p-n
junction interface. Furthermore, our EL spectra measurement indicates the
signature of charged exciton emission in PL spectra, which occurs in the high
current density regime.

2.2 Device Fabrication Method
The few-layer MoS2 flakes are exfoliated from bulk single-crystal 2H-MoS2
using a mechanical exfoliation method on SiO2/Si substrate. To characterize the
layer number of the MoS2 flakes, a Raman spectroscopy measurement was
performed using a 324 nm excitation laser. Figure 2.1 shows the typical Raman
finger-print of the MoS2. The layer number of MoS2 can be characterized by
investigating the peak position of E12g and A1g. From our measurement, the
separations of 19.6, 21.5, and 24.6 cm-1 are observed for the monolayer, bilayer,
and multilayer respectively. Our results are consistent with the previously studied
MoS2 Raman peaks [31]. For monolayer MoS2, the typical separation between the
two peaks is 20 cm-1, which is very close to our monolayer result. Our observation
of the bilayer Raman signal is also very close to the previous report where the
separation of bilayer signal is 22.7 cm-1 [31]. For the multilayer case (trilayer or
more), the Raman signal is in a good agreement with the previous observation as it
varies in the range of 23.5 to 25.3 cm-1 [31].
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Figure 2.1 The Raman spectroscopy for monolayer, bilayer, and multi-layer MoS2.
The layer number of the MoS2 can be determined by separation between E12g and
A1g peaks. The separations of 19.6, 21.5, and 24.6 cm -1 correspond to the
monolayer, bilayer, and multi-layer respectively. Inset: The optical image of the
cleaved MoS2 flakes. The dots correspond to the measured spots and the scale bar
is 5 μm.

Figure 2.2 (a) Schematic cartoon of atomic layer TMDs planar p-n junction device.
(b) The transfer characteristic of few-layer MoS2 using the ionic liquid gate at T =
220 K with a subsequent cool-down process in hole region to T = 170 K. Noted that
the insulating region is slightly shifted to the negative side indicating intrinsic
electron dope in the sample. To accumulate the hole carrier in the exposed area,
we gated our device to VLG = -6 V and immediately cooled down to fix the ion
movement.
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Figure 2.2(a) shows the schematic structure of the planar p-n junction
made on a MoS2 flake. The TMD flake is partially covered by an hBN flake masking
the vertical electric field from the ionic gating. For multilayer devices, few-layer
MoS2 and BN flakes are prepared from mechanical exfoliating bulk single crystals
of 2H-MoS2 and hBN on SiO2/Si substrate (SiO2: 285 nm). For the monolayer case,
we use monolayer WS2 grown by chemical vapor deposition on SiO2/Si substrate
[32]. The as-grown monolayers are subsequently transferred onto a HfO 2/Si
substrate (HfO2: 50 nm). We patterned the contact electrodes (Ti/Au: 0.5/40 nm)
into a hall bar configuration by e-beam lithography and e-beam evaporation (TFC2000). The few-layer hBN (d = 20 ~ 30nm) was laminated onto the channel to reach
a partial coverage using the dry transfer method after lifting off the device [33].
The transistor can be switched by gating (N, N-diethyl-N-methyl-(2methoxyethyl) ammonium bis (trifluoromethyl- sulfonyl) imide) (DEME-TSFI), a
typical ionic liquid widely used in ionic gating. Compared with the conventional
solid gating, high efficiency in ionic gating can more effectively induce large hole
concentration, which is difficult to be accessed by conventional gating because of
the intrinsic n-type doping in most semiconducting TMDs. Nevertheless, the high
carrier density has been induced for n2D ~ 1014 cm-2, which allows routine access to
the ambipolar characteristics even in an n-type semiconductor (e.g. MoS2) and
superconductivity [6,34]. The electrical transport and optical spectroscopy were
performed under high vacuum (10-6 mbar). Figure 2.2(b) shows the transfer curve
for a typical few-layer MoS2 EDLT for the channel exposed to the ionic liquid. The
device clearly shows ambipolar behavior with the OFF regime slightly shifted to
the negative side of bias indicating low intrinsic electron doping. To accumulate
holes, we applied VLG up to -6 V until the source-drain current IDS starts to
saturate. Then, we immediately cool down the system below the glass transition
temperature (T = 170 K) to fix this partial doping configuration.

2.3 Results and Discussion
The I-V characteristic of the MoS2 p-n junction device is shown in Figure
2.3. The typical diode rectification was observed in our device indicating the
formation of a p-n interface between the exposed and BN-covered MoS2 surface.
Furthermore, we observed no significant breakdown voltage appeared in our
device under reversed bias. It is worth noting that the device performance depends
on the applied VLG. We also note that we limited the liquid gating up to VLG = -6 V
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to prevent the permanent doping occurred at the higher VLG due to a chemical
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reaction.

Figure 2.3 The typical diode rectification from the MoS2 p-n junction device at
the different fixed VLG. As one can see from the figure, the optimum rectification
occurs at VLG = -6 V indicating a formation of the p-doped MoS2 on the exposed
area. Inset: The optical image of the corresponding device. The scale bar
corresponds to 5 μm.
Figure 2.4 shows the I-V characteristics of few-layer MoS2 p-n junction
devices at different applied back gate (VBG). Here, we investigate two devices of 4
and 13 nm thick, where the thicknesses are estimated by interference color
contrast in optical microscopy. One can see that both devices show the
rectification behavior of a typical diode as a function of bias between source and
drain. The increase of back-gate voltage clearly enhances forward-bias current.
However, as shown in Figure 2.4(a), the reverse bias current increases significantly
after VBG = 30 V for the thicker device (13 nm). On the other hand, as shown in
figure 2.4(b), the thinner device (4 nm) shows that the rectification of the p-n
junction is preserved even at VBG = 100 V – the highest back gate voltage accessible
by this experiment before having gate breakdown. We attribute the two different
rectification behaviors to the formation of two different configurations of p-n
junctions due to the flakes of different thicknesses. As schematically drawn in
Figure 2.5(a), the effect of the liquid gate only occurs in the proximity of the

41

Chapter 2

surface layer, while the bottom layers remain their intrinsic doping state. Hence,
for the thicker device, the increase of reverse-bias current is attributed to the
unintended formation of conduction channel due to the carriers induced by
biasing the back gate, which accumulates the carrier to the bottom surface of the
flake. In contrast, this conduction channel cannot be established as the additional
conducting layer in the thinner device because of the dominating influence of the
electrical field from the top ionic gating.
To understand the rectification behavior in samples with different
thicknesses, we performed a numerical calculation to obtain the potential
distribution under both liquid gate and back gate in both vertical and horizontal
directions. To calculate the potential distribution, we numerically solve the twodimensional (2D) Poisson equation:
−∇2 𝑉𝑉(𝑥𝑥, 𝑧𝑧) =

𝜌𝜌

𝜀𝜀𝑟𝑟 𝜀𝜀𝑜𝑜

(2.1),

where V(x,z), ρ, εr, and ε0 correspond to the potential at the location (x,z), carrier
density, dielectric constant, and the permittivity of vacuum, respectively. The
calculation uses the 2D finite difference method by setting the charge density as
1×1014 cm-2 for the exposed channel surface (in contact with ionic liquid) and
5×1012 cm-2 for the bottom surface (tuned by the back gating). Figure 2.5(b) shows
the numerical solution of equation (2.1). The potential distribution in the vertical
region can be divided into three regions; the top channel A, the insulating channel
B, and the bottom channel C. The channel A represents the region where the
actual rectification of p-n junction occurs as the ionic gating induces hole
accumulation only close to the top surface. When the applied back gate increases,
the carrier can be accumulated also in the bottom layer creating additional
conducting channel C.
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Figure 2.4 (a) I-V characteristics of the thicker (13 nm) MoS2 planar p-n junction
device in fixed liquid gate VLG = -6 V under various back-gate voltage VBG. Noted
that the reverse-bias current start to increase after VBG = 30 V at T = 170 K. (b) I-V
curves of the thinner (4 nm) MoS2 p-n device under similar gating condition with
(a). Here, one can see no reversed-bias current was observed even in the highest
applied back gate VBG = 100 V.
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Figure 2.5 (a) Schematic band structure for the vertical direction (side panel) and
the surface channel (upper panel). (b) Normalized potential distribution of a
device under both liquid- and back gate. Position A, B, and C are representing the
top channel, insulating channel, and bottom channel, respectively.
In relatively thick devices, the thickness of this bottom conduction
channel can be estimated as ~1 nm from the simulation, which is bigger than the
thickness of monolayer MoS2 (the interlayer spacing d = 0.6 nm). Therefore, when
the applied back gate increases and adds more carrier to the bottom layers, the
conductivity enhances for channel C. Moreover, this bottom layer behaves as a
transistor channel when a reverse bias is applied. In contrast, this unlikely occurs
in the thinner flakes because the bottom layer thickness is estimated less than 0.5
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nm, smaller than the thickness of monolayer, implying that the applied back gate
cannot create additional conduction channel from the bottom. In addition, when
the negative back gate is applied as shown in figure 2.5(a), channel C becomes
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insulating hence electrical transport can only occur in channel A.

Figure 2.6 The summary of the current rectification ratio of (a) the thicker (13 nm)
and (b) thinner (4 nm) devices at different applied VBG.
To further investigate the device qualities, we extract the current
rectification ratio, which is defined as a ratio between forward and reverse bias
current, at different VBG as shown in Figure 2.6. The rectification behavior of the
thicker device can be seen in Figure 2.6(a). Surprisingly, the maximum ratio can
reach 6000 at negative VBG = -40 V. We attribute this behavior to the presence of
bottom layers in our p-n junction device. The enhancement of the rectification
ratio at the positive back gate can be caused by the accumulation of the electron
from the bottom layer that enhances the intrinsic n-type part of the p-n junction.
As previously discussed, the carrier density induced by liquid gating is larger than
that of the SiO2 gating in the order of 102. Therefore, the applied solid gating only
affects the covered part of MoS2. However, in the thicker device, the solid gating
can still induce carrier in the bottom layers so that it forms an unintended
conducting channel at the positive VBG. Therefore, at the negative VBG, the bottom
channel becomes more insulating than the top channel. Not to mention, the ionic
liquid has been proven to induce conductive channel confined on the top surface
[35]. As a result, the negative back gate confines the p-n junction on the surface
channel which enhances the device performances. This behavior unlikely occurs in
the thinner device due to the absence of the bottom channel. As shown in Figure
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2.6(b), no significant rectification ratio enhancement is observed at the negative
back gate.
Table 2.1 Comparison of various developed homojunction devices based on 2D
TMDs.
Homojunction
Methods

Materials

Thickness

Rectification
Ratio

Reference

Lateral

WSe2

1L

50

[9]

Electrostatic

WSe2

1L

500

[36]

WSe2

1L

100000

[11]

WSe2

5 nm

10000

[37]

MoS2 (this work)

4 nm

33000

MoS2 (this work)

13 nm

6200

Lateral

MoS2

60 nm

100

[26]

Chemical

MoS2

7 nm

10

[26]

Vertical

MoSe2

6 nm

1000000

[38]

Chemical

MoS2

10 nm

250

[39]

doped

MoS2

3 nm

100

[40]

doped

Table 2.1 shows a summary of the developed 2D p-n junction devices. The
electrical performances of the p-n junctions are represented by the rectification
ratio behavior. We note that, in the lateral electrostatic homojunction group, our
thin-layer device performance is only inferior with the monolayer WSe 2 p-n
junction reported in Ref. 11. The monolayer device gives ideal architecture for the
lateral homojunction devices since the induced carrier will be uniformly
distributed in one layer. Whereas in the multilayer case, the contribution of the
additional layers is inevitable which affects the performance of the p-n junction
device. Furthermore, among the other MoS2-based homojunctions, our lateral p-n
junction devices show superior qualities. In addition, the best electrical
performance is observed in the vertically chemical doped MoSe 2 which exceeds the
other reported p-n junction devices [38]. The device is fabricated by stacking an
intrinsic n-type and pre-doped p-type MoSe2 [38]. Compared to our devices, this
device performance is far more superior. However, our device architecture has
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been proven to give more flexibility in the term of device performance since the
electrical performance is tunable by the gating effect. Therefore, to achieve similar
performance with the reported device, we can simply replace the SiO2 gate with
high-k dielectric gate such as HfO2 in order to increase the gating efficiency and
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achieve a higher range of the device tunability.

Figure 2.7 (a) Device operation of a planar monolayer p-n junction under VBG = 4.5
V and VLG = -5 V

at T = 165 K. The blue squares and red circles represent,

respectively, the IDS and the intensity of light emission detected by the CCD
camera as a function of VDS. Inset: the optical images of the p-n junction device
(left panel) and the light emission taken with an exposure of 100 ms (right panel).
(b) Electrical performance under forward-bias at different back gate conditions at
80 K. Inset: the logarithmic plot of the I-V curve. The dashed black line
corresponds to the ideality factor.
To investigate optoelectronic properties, especially the light emission, we
chose the CVD grown monolayer WS2 as our channel material because of the much
higher quantum efficiency observed in CVD monolayers. The as-grown
monolayers on SiO2/Si were transferred to a HfO2/Si substrate because the high-k
dielectric can enhance the back-gate efficiency. The formation p-n junction was
performed by the aforementioned method used in a few layers. The I-V
rectification of a monolayer device is shown in Figure 2.7(a). As one can see from
the measurement at 165 K and under VBG = 4.5 V, the current through the p-n
junction shows a typical diode-like rectification accompanied by strong and sharp
light emission from the crystal edge of the hBN mask (see inset). In addition, no
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indication of reverse-bias current was observed until VDS = -3 V indicating well
established p-n junction in the p-n interface.
The back gate dependence of rectification at T = 80 K is displayed in Figure
2.7(b). Similar to the case of few-layer devices, a consistent forward-bias
enhancement also occurs when the back-gate bias increases. From the logarithmic
plot, the rectification starts to occur at VBG = 1.8 V implying the transition from the
insulating state and the formation of the p-n junction in the n-type region.
Furthermore, the ideality factor n of the p-n junction can be determined by the
theoretical fitting using extended Shockley diode equation [11,41]:
𝐼𝐼DS =

𝑛𝑛 𝑉𝑉T
𝑅𝑅s

𝐼𝐼 𝑅𝑅s

𝑊𝑊 [ 0

𝑛𝑛𝑉𝑉T

𝑒𝑒𝑒𝑒𝑒𝑒 (

𝑉𝑉DS +𝐼𝐼0 𝑅𝑅s
𝑛𝑛𝑉𝑉T

)] − 𝐼𝐼0

(2.2),

where W is lambert-function, I0 the reverse-bias current, Rs the series resistance.
The VT = kBT/q is the thermal voltage at temperature T. Here, kB is the Boltzmann
constant, and q the electron charge. The obtained n values are larger than 2
exceeding the limit of an ideal diode and Shockley-Read-Hall (SRH) recombination
theory [42]. This large n value is typically observed in GaN-based p-n junctions due
to the presence of a tunneling mechanism in the carrier transport process [43–45].
From the calculation, we observed that the ideality factor remains constant from
VBG = 3 to 5 V with an average na = 6.8 indicating that, in this regime, the p-n
junction operation and the recombination process is independent on the change of
carrier density. It indicates that the carrier density at optimum operation regime
only affects the series resistance of the p-n junction device after establishing the
p-n junction.
As shown in Figure 2.8, the electroluminescence (EL) spectrum of a
monolayer device is compared with its photoluminescence (PL) counterpart. The
EL measurement was performed under VBG = 4.5 V and injection current IDS = 13.9
μA. Whereas, the PL measurement was measured in as-grown CVD monolayer.
The comparison between the EL and PL spectra shows that the EL spectrum (red
line) is red-shifted from that of PL. We attribute the peak shift to the different
exciton density induced in the sample. In the EL case, the excitons are formed by
driving the n and p carriers accumulated by both liquid- and back gate to the
recombination regime. Therefore, the upper bound of exciton density is limited by
the lower carrier density found for either n or p carriers, which is in the order of
~1013 cm-2. Under the influence of high density of the doped carrier, the
recombination process can involve charged exciton, which has lower photon
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energy than that from intrinsic exciton PL [13,46]. Therefore, we suggest that the
light emission of our monolayer device is dominated by charged exciton.
Furthermore, recent studies also show that crystal defect due to impurities or
transfer process can trigger this charged exciton emission [16,47]. In our case, the
Hence the formation of the defect is highly possible. The influence of crystal
defect can be observed in PL spectra where peak shoulder exists at higher photon
energy.

Figure 2.8 Electroluminescence (red) and photoluminescence (black) spectra
measured at 80 K. The PL spectrum was taken under an excitation laser power of
650 μW/m2.

2.4 Conclusion
In conclusion, we demonstrated that a clear diode rectification behavior in
our lateral p-n junction based on TMDs/BN heterostructures. In few-layer samples,
the rectification behavior is thickness dependent where additional conduction
layer was formed on the bottom surface, which affects the device performance
under high back gate bias. For the monolayer case, light emission from the crystal
edge of the BN mask has been observed indicating sharp and well-defined p-n
junction. Furthermore, our measurement of EL spectra indicates the signature of
emission from charged excitons in contrast to the PL spectra which might
originate from the high carrier density induced in our sample and defects
generated during the device fabrication process.
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p-n junction device is fabricated by transferring the CVD grown monolayer flakes.
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which serves as the physical fundamental for valley optoelectronics. On the other
hand, as one of the technical fundamentals, a bright electrical driven light
emission is highly demanded in order to integrate these fascinating properties into
the present electronic devices. Although many approaches to electrically induced
photoemission have been widely performed, strong light emission from monolayer
planar diode (LED) with a sharp p-n interface is yet to be demonstrated. In this
chapter, we introduce the fabrication of a lateral p-n homojunction based on a
monolayer WS2-Boron Nitride (BN) artificial heterostructure. The device shows
gate tunable diode rectification with accompanying sharp emission profile due to
the well-defined lateral p-n junction interface. In addition, the fabrication based
on CVD-grown supports the large-scale fabrication of novel 2D optoelectronic
devices.
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3.1 Introduction
In the past decade, transition-metal dichalcogenides (TMDs) have been
studied extensively due to their novel properties and prospect in the development
of optoelectronic devices [1–3]. The thickness dependence of indirect-direct band
gap transition, as consequences of the layer dependence of the interlayer coupling
and the lack of inversion symmetry, became one of the most attractive optical
phenomena that have been widely studied recently [4–7]. Tungsten Disulfide
(WS2) together with the other TMDs monolayer group of MoS2, MoSe2, and WSe2
and transparent devices, such as transistor [8,9], photodetector [10], and lightemitting diodes [11–14]. Particularly, the monolayer WS2 has been regarded as a
next-generation optical material because its direct band gap transition of 2.0 eV
sets in the middle of visible range in comparison with the other candidates like
MoS2 and WSe2 having lower-emission energy of 1.80 and 1.65 eV, respectively
[4,6,15,16]. In addition, the two valleys of a monolayer have specific K/K’
dependent chiralities as a consequence of inversion symmetry breaking allowing
circularly polarized light emission from the K/K’ point [17–20]. These promising
aspects of valley optoelectronic features, including the freedom of accessing the
valley-specified light emission with circular polarization, have been proposed as
the state-of-the-art method of realizing circularly polarized light source [13,21].
The studies of exciton and its derivatives in TMDs, such as trions and
biexcitons have been studied mostly by the optical pumping methods [16,22–25],
focusing on the PL dependence on the carrier doping, optical fluence, and
circularly polarized excitation [6,16–18,20,26]. The magnetically induced valley
polarization and chiral light-emitting transistor have also been observed
[13,27,28]. In spite of many optically excited measurement, the researches of
electrically driven light emission are still limited. The efforts of tailoring an outof-plane p-n junction have been conducted by fabricating a 2D heterojunction by
stacking two or more monolayer with different intrinsic doping level, in this case,
p-type and n-type semiconductor [29–32]. At the same time, lateral 2D lightemitting diodes (LEDs) based on various exfoliated TMDs have been realized by
electrostatically induced p-n homojunction using two independent gate voltages
to in-plane regions [11–14]. The similar idea of making lateral structure was also
implemented chemically: a lateral p-n junction based on chemical doping in
partially covered few-layer MoS2 has also been reported [33].
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For the integration of valley optoelectronics, the lateral p-n junction
configuration is more favorable, which avoids the lengthy process of making
vertical stacking structures. The electrical transport is confined in-plane and the
device structure is identical to the universal structure of field-effect transistor
(FET). Furthermore, since the circularly polarized transition is sensitive to the
relative angle between the crystal orientation and the field direction, the
fabrication of a highly oriented sharp p-n interface can be the ultimate goal along
this direction [13,21].

Figure 3.1. (a) The schematic picture of a monolayer WS2 planar p-n junction
device. (b) The transfer characteristic of the monolayer WS2 using the ionic liquid
gate at T = 220 K. Note that at VLG = 0 V the device is already in electron transport
regime indicating the intrinsic electron dope in the sample. (c) The transport
measurement performed by solid gating at T = 150 K below the glass transition of
the ionic liquid. A comparison of the transport curve in the covered and exposed
part of the device shows the n- (red line) and p-type (black line) characteristics in
the respective area.
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In this chapter, we prepare a lateral p-n junction on a monolayer WS2boron nitride (BN) heterostructure [34]. The WS2 monolayers were synthesized by
chemical vapor deposition (CVD). The as-grown monolayers show a typical n-type
behavior in the electrical transport characterizations. Here, the WS 2 is partially
covered by a few-layer BN as an insulating mask preventing direct contact with the
ionic liquid, which can electrostatically induce strong carrier doping in the
exposed region due to the accumulation of ion on the surface of the
semiconducting channel–a process called ionic gating. The gate induced p-n
junction forms due to the movement and frozen of the moment of ions above and
junction features strong doping in both the p and n region, which is not accessible
for the conventional solid gate dielectric systems [9,15,35]. Compare with the
dynamically formed recombination zone, the p-n junction in present device forms
at the predefined regime, therefore the diode rectification comes from a welldefined p-n junction interface showing sharp emission at ~620 nm. Moreover, the
junction is prepared on a CVD-grown monolayer, which is compatible with largescale device fabrication.

3.2 Experimental Method
The WS2 monolayer flakes were synthesized using the CVD method on a
SiO2/Si (285 nm) substrate. The monolayer WS2 flakes were prepared in a threezone furnace with growth temperatures were set to 950 oC, 1050 oC, and 850 oC for
the respective zone in 15 minutes. As the precursor, WO 3 and S are used. During
the growth process, the Argon gas flow was set 100 sccm and S was vaporized with
temperature 180 oC. Later, the grown monolayer flakes were peeled off from the
SiO2 and then transferred onto a HfO2/Si (50 nm) substrate for the actual devices.
The electrodes with Hall bar configuration and a gate electrode were patterned on
the monolayer flake using e-beam lithography. Subsequently, the Ti/Au electrodes
(0.5/40 nm) were deposited via an e-beam evaporation (TFC-2000) system. After
the lift-off process, we transferred a mechanically exfoliated hBN layers (~30 nm)
to partially cover our device with a dry transfer method [37]. The final
configuration of our device is shown in Figure 3.1(a), where the DEME-TFSI (N, Ndiethyl-N-methyl-(2-methoxyethyl) ammonium bis (trifluoromethyl sulfonyl)
imide) is an ionic liquid selected based on its performance for generating an
ambipolar transistor operation [9,35]. Due to the masking BN, our monolayer
device consists of two regions: the exposed area and covered area. All electrical
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transport and optical measurements were performed in high vacuum (10 -6 mbar)
inside a Janis Cryostat at or below T = 220 K to prevent chemical reaction with
moisture during the measurements.

Figure 3.2. (a) The optical microscopy images of a transferred CVD growth WS 2
(upper panel), the p-n junction device (middle panel) and the light emission (100
ms exposure, bottom panel). (b) The real-space intensity profiles at various
current injections. The dashed lines show the p-n junction interface. (c) The device
operation of the planar monolayer p-n junction under VBG = 4.5 V and VLG = -5 V at
temperature 165 K. The blue and red circles represent, respectively, the sourcedrain current and the intensity detected by CCD camera as a function of the
voltage bias.
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3.3 Results and Discussion
3.3.1 Electroluminescence of the lateral monolayer WS2 p-n junction device
The quality of the gating is first tested for the exposed area. Typical
transfer characteristic at T = 220 K (Figure 3.1(b)) shows a clear ambipolar
transport. As we can see, both positive and negative gate biases can switch on the
source-drain current. Moreover, the device was already n-type doped when the
gate bias for VLG  -1 V, which suggests that the initial electron doping in the asthe electron in the monolayer flake causes asymmetric ambipolarity requiring
larger bias to access the ON-state for the hole side. In order to access high doping
in the p-side, we induced hole in WS2 via liquid gate until the IDS hole current
reaches saturation IDS = 1.5 μA at VLG = -5 V. This doping profile was kept by
cooling the device below the glass transition temperature of the DEME-TFSI (~180
K), below which the gate voltage can be released due to the frozen of the ion
movement, and then carrier density in the device for the covered area can be
controlled by the solid gating. Here, we incorporated the high-k dielectric (HfO2)
as the solid gate material for higher efficiency in electron accumulation. Then, the
electrical properties under solid gating were measured at 150 K as shown in Figure
3.1(c). For both regions, namely the covered and exposed, the IDS values are in a
similar order of magnitude ~10-7–10-6 A. It also can be seen that the covered area
already has n-type transistor behavior due to initial electron doping and the
exposed part has p-type behavior as a result of the electrostatic induced hole
carrier. This indicates that the high-density hole doping can effectively suppress
the intrinsic n doping for the exposed area whereas the part which is covered by
BN remains unaffected by the liquid gating. Figure 3.2(c) illustrates the device
operation of our planar monolayer p-n junction when VG = 4.5 V at 165 K. It can be
seen clearly that the monolayer device shows a current rectification (blue-squares)
under forward bias, and the low current at reverse bias indicates the formation of a
high-quality p-n junction. Figure 3.2(a) shows the magnified image of the
observed spot of light emission (100 ms exposure time). A more detailed analysis
of the spot of the electroluminescence (EL) shows that the intensity of the
emission increases exponentially as a function of the current injection from IDS ~ 2
μA till saturation occurs at IDS ~ 4 μA (inset, Figure 3.2(c)). As shown also in the
intensity profile colormap for various current injection (Figure 3.2(b)), the
emission is confined at the crystal edge of the hBN. The intensity profile has the
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grown flakes due to the sulfur vacancies formed during CVD growth. The excess of
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initial straight-line shape and gradually formed the two elliptical spots between
the pair of voltage probes of the Hall bar. The formation of a non-uniform EL
profile across the width of the Hall bar is due to higher current density close to the
Hall voltage pairs. At low bias, the light emission has a straight-line shape that
indicates the very sharp and well-oriented formation of lateral p-n junction along
with the interface between the p- and n-type regions. Furthermore, this emission
profile is different compared with the previous reports in exfoliated homojunction
where the emission profile appears in a dot shape [11].

Figure 3.3 The schematic illustration of the formation of the p-n junction and the
related change of band diagram in the equilibrium state and under forwarding
bias. The mask BN provides an atomically sharp edge preventing the electrostatic
field from ionic liquid to induce carriers (in this case hole) in the covered area. The
solid gating is simultaneously applied inducing electron carriers to enhance the ntype side of the p-n junction device.
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The sharp p-n interface is formed due to the fixed location for
accumulating carriers, which is assisted by the edge of the hBN as illustrated
schematically in Figure 3.3. The role of the hBN in our device is to provide an
atomically sharp edge preventing the electrostatic field from ionic liquid to induce
carriers (in this case hole) in the covered area while simultaneously guiding the
path of the current to be perpendicular to the edge. At low temperature (T < 180
K), the anions of ionic liquid are fixed on the channel surface and the carrier
density control can be performed by a solid gating to enhance electron doping in
the covered area. Since our device only consisted of homojunction, the
Schematically, the relevant pockets in the band diagram (Fig 3.3) should take into
account the valley transport at K/K' point of the Brillouin zone as also reported in
the previous researches [12,13]. The electrons and holes occupy conduction (nside) and valence (p-side) band respectively in the K/K’ valley due to the induced
carrier in the respective zone resulting a depletion region in the p-n interface (in
this case along the mask hBN crystal edge). Under forward bias, the injected
current drives the electrons and holes to the opposite side through the depletion
where the recombination process occurs. Due to the direct band gap of monolayer
WS2, the direct electron-hole recombination in the K/K’ valley generates an
efficient photon emission in the depletion region.
3.3.2 Back Gate and Temperature Dependence of Diode Rectification
Behavior
The temperature dependence and gating effect of the monolayer device at
T = 160 K are shown in Figure 3.4(a) and (b), respectively. As shown in figure
3.4(a), the I-V characteristics of the current rectification can be divided to be two
regions based on the slope shown in the logarithmic scale: the region I of the low
injection level (VDS = 0 to 1 V) and the region II of the high injection level (VDS > 1
V). The stronger temperature dependence for the I-V characteristics at the high
injection level lowers the slope of I –VDS indicating a decrease of conductivity due
to a higher contact resistance in series. The physical parameter of the p-n junction
is determined carefully by performing a theoretical curve fitting. However, the
Shockley equation for an ideal diode is not suitable for the real diode system since
it does not take into accounts the effect of the series resistance and requires
further modification as reported in reference [38]. For instance, the quality of the
p-n junction can be well described by an ideality factor n, which is obtained by
fitting with the extended Shockley diode equation [14,38]:
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𝐼𝐼DS =

𝑛𝑛 𝑉𝑉T
𝑅𝑅s

𝐼𝐼 𝑅𝑅s

𝑊𝑊 [ 0

𝑛𝑛𝑉𝑉T

𝑒𝑒𝑒𝑒𝑒𝑒 (

𝑉𝑉DS +𝐼𝐼0 𝑅𝑅s
𝑛𝑛𝑉𝑉T

)] − 𝐼𝐼0

(3.1),

where I0 is the reverse-bias current, VT = kBT/q the thermal voltage at temperature
T, kB the Boltzmann constant, and q the electron charge. The obtained n for the
present sample is much greater than 2 exceeding the limit of an ideal diode and
Shockley-Read-Hall (SRH) recombination theory [39]. This large n can be typically
observed in the GaN-based p-n junction devices [40–42]. This temperature
dependency

and

high

ideality

factor

suggest

that

tunneling

enhanced

recombination via intermediate trap state other than the diffusion current and the
SRH recombination occurs in the depletion region [43–46].

Figure 3.4 The electrical performance under forward bias (VBG = 4.5 V) at different
temperatures (a) and back gate biases at T = 160 K (b). The increment of VBG in (b)
is 0.4 V. Inset: The I-V curves shown in the logarithmic scale, divided by two
regions I and II corresponding to the low and high injection levels, respectively.
The black dashed line represents the logarithmic slope m which is inversely
proportional to the ideality factor n (m ~ 1/n).
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Our observation shows that the ideality factor is temperature dependent
as summarized in Figure 3.5. This phenomena also can be typically observed in the
other p-n junction systems, such as Chalcopyrite solar cells and GaN-based device
and its derivatives like InGaN/AlGaN diodes [47–49]. To understand this nature,
we consider two extensively studied models. The first model was described by
Riben and Feutch in a nGe-pGaAs heterojunction study and proposed tunneling
enhanced recombination model via the intermediate state [43]. According to the
first model, the recombination process occurs via a trap state where the
electron/hole tunnels through depletion to occupy the trap state and recombine or
ideality factor, the description in that report shows that the logarithm of the
current should be proportional to T-1 with T is temperature. Later, Walter et al
derived more precise calculation for the relation between ideality factor n and T in
chalcopyrite solar cells [47]:
1

𝑛𝑛

1

= (1 +
2

𝑇𝑇

𝑇𝑇 ∗

(3.2),

)

where kT* is the characteristic energy of energetic distributions of recombination
centers. Another approach in this theory is using an approximation to the
expression derived by Padovani and Stratton for thermionic field emission of
parabolic band bending Schotty barrier [44]. The expression of the temperaturedependent ideality factor can be written as the following equation:
𝑛𝑛 =

𝐸𝐸00

𝑘𝑘B 𝑇𝑇

𝑐𝑐𝑐𝑐𝑐𝑐ℎ (

𝐸𝐸00

𝑘𝑘B 𝑇𝑇

(3.3),

)

where E00 is characteristic tunneling energy that proportional to the square-root
of the carrier population.
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Figure 3.5. The curve fitting using equation 3.2 (Model 1) and 3.4 (Model 2).
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fall into the conduction/valence band [43]. While it was not explicitly stated the

Chapter 3

As shown in Figure 3.5, both of the theoretical models show good
agreement with our results confirming the tunneling enhanced recombination
process. Furthermore, Shah et al in their GaN superlattice study reported that the
high ideality factor is originated from the sum of the ideality factor in each
rectifying p-n junction lattice [48]. In addition, Zhu et al experimentally
demonstrated the origin of high ideality factor in a GaInN/GaN multiple-quantumwell systems where the ideality factor depends on the number of intentionally
doped quantum wells [49]. Since our system is composed only by a homojunction
structure, this superlattice and quantum-well studies seem to be not comparable
with our case. However, from these two studies, it is interesting if we consider the
superlattices and quantum-wells analog with the defect states in a monolayer
TMDs p-n junction. Therefore, the extrinsic factor such as the sulfur defects in the
CVD-grown samples can significantly contribute to the ideality factor of the p-n
junction devices.

Figure 3.6 The theoretical fittings of the I-V curve using the extended Shockley
diode equation at the different back-gate voltages at T = 160 K. The solid lines are
the fitting results using equation 3.1 and the experimental data are represented by
solid symbols.
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In spite of the temperature dependence, no significant gating dependence
of the ideality factor was observed. At T = 160 K as shown in Figure 3.4(b), the
obvious rectification starts to occur when VBG = 2 V and improves with the increase
of VBG. The logarithmic slope m of region I of low injection (inset, Figure 3.4(b))
increases significantly from VBG = 0 to 2 V and tends to be saturated starting at VBG
= 2.4 V. This suggests that the ideality factor increases with the increase of the VBG
up to 2 V and remains constant afterward since the ideality factor is inverse
proportional of logarithmic slope (m ~ 1/n). As shown in Figure 3.6, the theoretical
fits using equation 3.1 give a good agreement with our experimental data. Our
gate increases. The ideality factor was also measured at 160 K, which yields no
distinct variation as a function of the VBG. The n ranges from 6.3 to 6.85 at VBG = 1
to 3 V and remains almost constant naverage ≈ 6.9 from 3 to 5 V implying the stable

and optimal operation of the junction. In contrast, the series resistance RS exhibits
obvious dependence on the gate bias as the RS drastically decreases from 8.3 MΩ to

230 kΩ when the VBG increases as a result of enhanced conductivity with higher
carrier doping, which also effectively changed the intrinsic region between the p
and n doped channels. Since the p- and n-type transports show no significant
dependence on VBG (Figure 3.1(c)), hence the contact resistance is expected to
remain constant. Due to the intrinsic electron doping, the p and n doping appears
even at VBG = 0 V in the present device configuration. The fact that n is
independent of the change of the carrier density at optimum device operation
indicates that the gating effect only changes the conductivity of the device while
the nature of operation of the p-n junction, e.g. the recombination process and
diffusion current, especially in the depletion region remains the same. This could
be an advantage for a further investigation since it allows us to study the
consequence of the recombination process such as exciton behavior under
different carrier density concentration with identical device performance.
3.3.3 Spectral analysis of electroluminescence
The EL generated by applying different IDS is measured at 80 K as shown in
Figure 3.7(a). The spectra show a single peak at 1.98 eV at VBG = 5 V. The EL
increases with the increase of the injected IDS and shows an obvious asymmetric
shape. Notably, the full width of half maximum (FWHM) of the spectrum increases
with the increase of the IDS as shown in Figure 3.7(b). Here, the spectral width
expands from 11.6 to 16.26 nm with the increase of IDS. We attribute that the
broadening of the EL is most likely due to the electrically driven enhancement of
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calculation yields ideality factor is increasing, but not significantly, as the back
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the additional excitonic states, e.g. trions, biexcitons, bound excitons, etc. besides
the neutral excitons.

Figure 3.7 (a) The electroluminescence (EL) spectra of the 2D planar p-n junction
device measured for different IDS injections at T = 80 K and VBG = 5 V. The injection
current is IDS = 4.7 to 27.2 μA. (b) The full width of half maximum (FWHM) versus
IDS obtained from the normalized spectra. (c) The normalized EL spectra at
different back gate conditions and injection current to qualitatively investigate
spectral line shape evolution.
A more complexed spectral evolution appears at the different VBG biases as
shown in Figure 3.7(c). At VBG = 4.5 V, with the increase of FWHM, corresponding
emission peaks also shift. This was studied carefully based on the assumption that
enhancement of the other excitonic states plays important role in this system as
shown in many optical studies [7,25,50,51]. Specifically, we labeled a single
excitonic peak that appears at the lowest injection current as ‘A' peak. This peak
gradually red-shifts from 1.992 eV to 1.982 eV as the IDS increases from 4.23 to 9.20
μA. Afterward, the interesting ‘B' feature lower than the ‘A' peak at 10.6 meV,
starts to be detectable. At even higher IDS, this ‘B' feature can be recognized as a
clear peak before it grows and becomes even stronger than the ‘A' peak. Similar
behavior was also observed in small back-gate condition, where the ‘A' peak is
slightly red-shifted from 1.984 to 1.978 eV with an increasing contribution of ‘B'
feature at 1.969 eV. The FWHM remains relatively constant in the range between
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14.54 to 18.22 nm, which is larger than the two previous conditions, suggesting
the presence of the various excitonic states at the low injection current. Generally,
we can clearly see a competition of the different exciton states from overall
measurement. The presence of ‘B’ feature, the broad FWHM, as well as the peak
evolution on the IDS are the main features in this measurement. Since the gate
voltage is directly associated with carrier density, we suggest that the chargedexciton states should play an important role in the present system. In addition, we
attribute the redshift to thermal related dissipation due to higher series resistance
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at the contact for the junction induced at low gate voltages.

Figure 3.8 (a) The EL spectra deconvolution procedure to separate 4
possible emission species named as I1, I2, I3, and I4 corresponding to 1.998 eV,
1.980 eV, 1.952 eV, and 1.884 eV. The Lorentzian peaks are used in the fitting
procedure. (b) The spectral evolution as the increasing of current injection. The
vertical dashed lines show that no appreciable peak shift of each species while the
I4 becomes hardly distinguished at higher bias. Open black dots show experimental
data and solid red lines are fitted spectra. The spectra were taken at T = 80 K.
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For further quantitative analysis of the different emission states at the
different current injections, we fit the asymmetric EL spectra by 4 Lorentzian
components I1 to I4 representing excitons as shown in Figure 3.8(a). As shown in
Figure 3.8(b), the observed spectra were decomposed into 4 peaks for different IDS
injections under VBG = 5 V. Qualitatively, the origin of broadening of the emission
spectra is due to the growth shoulder on the lower energy side, which corresponds
to the peak I3. By varying IDS, the I3 shows the most significant increase among all
peaks. In contrast, the I3 is nearly negligible compared to I1 and I2 at low IDS. When
the IDS increase from 4.7 to 27.2 μA, the I3 increases more rapidly than that of I1
and I3 and became a dominating peak. To investigate the origins of this spectral
evolution, first, we determine, by spectral shape analysis, the origin of two
dominating peaks: the I1 and I2. At low IDS injection, the spectral deconvolution
shows two clearly separated peaks: I1 and I2. Since the typical carrier density is in
the order of 1013 cm-2 in our liquid gated system, we attribute the I2 to the emission
from the charged-excitons. Since the carrier doping is also controlled by the back
gate, the carrier density can be estimated from the geometric capacitance of the
solid back gate as n2D = Cg (VBG − VTH)/q, where the VBG is the back gate voltage, q
the charge of electron, and VTH the threshold voltage extracted from transfer
curves shown in Figure 3.1(c), The Cg = 425 nF/cm2, which is a geometrical
capacitance per unit area of HfO2 (using dielectric constant of 25) [52]. For the
state VBG = 5 V, the calculated carrier density is approximately 4.4 × 10 13 cm-2 for nside and 1.3 × 1013 cm-2 for p-side which clearly indicates an imbalanced carrier
doping. Therefore, the high n-type doping causes the dominance of chargedexcitons, namely the trions, and their features in the EL spectra. The dominance of
generating charged instead of neutral excitons due to the imbalanced carrier
injection has also been demonstrated in the previous study [32]. Hence, the higher
energy peak I1 can be safely assigned for the intrinsic exciton IX. It is worth noting
that we can also assign the I3 for the defect-induced bound exciton. However,
typical behavior of electrically driven bound exciton is limited by the occupied
defect state at IDS injection [12,32], which is different from the enhancement of the
I3 observed in our measurements.
To understand the origin of the I3, we extract the intensity of I3 at the
different IDS injections. For ideal thermal equilibrium, the relation between
biexciton and intrinsic exciton is expected to show a quadratic dependence IXX ≈
(IX)m where IXX and IX are the biexciton and neutral exciton intensity respectively,
and m = 2 [53]. In the well-studied quantum-well systems, the power numbers are
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observed in the ranges m = 1.2 − 1.9 due to the lack of thermal equilibrium
between the states [53,54]. As shown in Figure 3.9, the intensity of I3 is plotted
against the intensity of the intrinsic exciton showing a power-law dependence: I3 ≈
(IX)m, where m = 1.33. Therefore, this superlinear dependence indicates that the I3
can be attributed to the biexciton (IXX) state. Furthermore, to assign the remaining
components, the relationship between the I2 and IX can be well described as a
linear function with m = 1.01. This linear dependence also supports our
assignment that the I2 component originates from the charged exciton. The I4
component shows a sublinear dependency (m = 0.61) indicating that this
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component peak arises from defect-induced localized state [16,25,26].

Figure 3.9 A plot of species intensity as a function of the intrinsic exciton
emission intensity, represented in the logarithmic scale at VBG = 5 V. The solid
lines represent the power-law fits; I3 ≈ (IX)m and the dashed line is a linear function
(m = 1) for comparison.
Additionally, the biexciton binding energy can be expressed as ΔXX = 2EX –
EXX, by assuming that the biexciton is originated from the pairing of two free
excitons [16]. Taking the obtained the peak positions of the emission from
biexciton and intrinsic exciton, we obtained the binding energy to be ~46 meV,
which is consistent with the previous observation [26].
Finally, we investigate the gate dependence of the generation of
biexcitons in the EL. Figure 3.10 represents a comparison of the biexciton-exciton
power-law relation under various VBG. As predicted, the biexciton rate with respect
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to neutral exciton depends on the carrier density induced by the different VBG
biases. A nearly quadratic relation of m = 1.94 is observed under VBG = 4.5 V
indicating a generation of the biexciton close to a thermal equilibrium state [53].
These results clearly show that the formation of the biexciton in a planar p-n
junction can be tuned simply by controlling the carrier density. For the nearly
ideal state with m = 1.94, the estimated carrier density in n- and p-side is,
respectively, 4.3×1013 and 1.5×1013 cm-2 corresponding to the ne/nh ~ 2.9. The ratio
is lower than the calculated ratio ne/nh = 3.4 at VBG = 5 V. The more balanced ratio
at VBG = 4.5 V provides a better environment for the biexciton formation. However,
the quadratic relation of the biexciton is not observed at VBG = 4 V with a similar
ratio of ne/nh = 2.6, which is likely originated from the stronger thermal effect due
to the higher series contact resistance since the exciton decays faster at a higher
temperature, which does not favor the formation of biexciton [26].

Figure 3.10 The comparison of power-law relation of biexciton-exciton under
different back-gate bias. The solid lines show data fitting based on power-law
equation described in the text resulting superlinear relation for VBG = 5 V (m =
1.33) and VBG = 4 V (m = 1.37) and nearly quadratic (m = 1.94) for VBG = 4.5 V. The
dashed line is linear function (m = 1) for comparison.

3.4. Conclusion
In summary, we demonstrate the optoelectrical performance of a 2D
monolayer planar p-n homojunction device based on WS2-BN heterostructure. The
electrical measurement showed a gate tunable diode rectification and a very sharp
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p-n interface indicated by a straight-line emission profile. With this sharp p-n
junction interface, we are anticipating further advances in the studies of valleyoptoelectronics

beyond

the

previously

studies

[13].

Furthermore,

the

electroluminescence (EL) spectra showed a clear broadening of FWHM indicating
the complicated excitonic process in the EL of the system. The presence of the
current induced biexciton has been confirmed by a spectral analysis and was
accessible due to the high-density carrier population in the liquid gated system.
Our finding that the biexciton formation can be enhanced in the recombination of
a sharp p-n junction interface provides a controllable way to study TMD valley
optoelectronics, and suggests intriguing prospects in light-source engineering
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based on CVD-grown TMD monolayers.
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4.1 Introduction
Field-induced superconductivity in two-dimensional materials such as the
transition metal dichalcogenides (TMDs) and ZrNCl have started a new research
direction in the study of layered superconductors because of the simple
modulation by tuning carriers electrostatically reaching the high carrier density
regime required to induce superconductivity [1,2]. The simple fabrication process
into a transistor configuration and efficient control of superconducting state have
become the main advantage to study the emerging superconducting phenomena of
two-dimensional superconductors. By inducing a highly accumulated electrostatic
charge on the material surface, the superconducting state of 2D materials such as
MoS2 and WS2 can be effortlessly accessed [3–5]. Recent reports proved that using
this method, the superconducting state is confined on the topmost layer even in a
multilayer system providing an easy way to access a true 2D superconductor with
super-conductor studies that strong electron-phonon interaction in the confined
two-dimensional system provides Ising protection resulting in a huge upper
critical field [6].
To extensively study this tunable 2D superconducting state, besides the
existing report on electrical transport, the use of tunneling spectroscopy became a
central role to probe the energy-dependent density of state (DOS). For instance,
the tunneling spectroscopy is performed at low temperature under the critical
temperature Tc via tunneling contact on a superconductor (SC)-normal metal
interface. In traditional SC-normal metal tunneling spectroscopy, the point
contact method, which consists of an SC surface and normal contact tip or vice
versa, is widely used to characterize the superconducting gap. In particular, such
experimental method is commonly used for characterizing various well-known
superconductor materials including elemental metal such as Al, Nb, Pb, which
gives experimental corroboration of the well-known Bardeen-Cooper-Schrieffer
(BCS) theory [7–9]. Furthermore, the tunneling experiments on high-Tc
superconductor such as transition metal oxides and iron pnictides show a clear
discrepancy from the BCS theory, indicating their unconventional SC nature [10–
13]. Therefore, the tunneling spectroscopy becomes a powerful tool to extract the
microscopic nature of the superconducting state.

77

Chapter 4

the atomic thickness [6]. Moreover, it has been reported in field-induced TMDs
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Figure 4.1 (a) A schematic diagram of the EDLT to induced superconductivity. (b)
The temperature dependence of sheet resistance Rs at different back gate biases.
(c) The normalized Rs vs T curve near critical temperature Tc. The 50% of Rs
(dashed line) are used for determining the value of Tc. (d) Tc as a function of the
applied back gate. The error bars represent the difference between Tc determined
from 50% and 10% of Rs, and the dashed line is a guide for eyes.
Since the discovery of a 2D materials-based superconductor, many
approaches have been used to realize a more precise spectroscopy method using
the proven idea of the SC-normal metal junction. The 2D heterostructure stacking
method has been widely used for probing many 2D layered superconductor
systems. This approach mainly incorporated a tunneling barrier, such as MoS 2,
hBN, oxides, or undoped bottom layers of semiconducting TMDs, between a
superconductor and normal contact to probe the superconducting gap via
differential conductance measurement [14–16]. The DOS spectra measured with
this method is comparable with that of the point contact method. Another
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approach is chemical intercalation to induce the superconducting state in the
bottom layer while maintaining the surface layer as a normal/insulating state [17].
In this chapter, we measure the tunneling spectroscopy in SC few-layer
MoS2 for characterizing the basic SC parameters for the surface state. We
incorporate a normal metal-insulating-SC (N-I-S) contact to study the SC-gap
parameter from the top surface with carrier density modulation absent in the
bottom layer. Our observation shows that the SC-gap size is carrier densitydependent. Additionally, the temperature-dependent SC-gap is consistent with
the BCS theory and the extracted Tc is also consistent with that obtained from the
resistivity measurement. Furthermore, the differential conductivity measurement
shows well-defined quasiparticle peaks indicating high-quality N-I-S contacts.
Later, we performed the systematic measurements to study the electron-phonon
interaction in different carrier density by extracting the electron-phonon
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constants and Coulomb repulsion parameter and investigate their correlation with
SC-gap parameter [15].

4.2 Device Fabrication
A few-layer MoS2 (t ≈ 4 nm) was deposited onto SiO2/Si (285 nm) wafer
from a pristine MoS2 bulk single crystal by using a mechanical exfoliation method.
The electrical contacts and gate electrodes were patterned using e-beam
lithography. The Ti / Au (0.5/40 nm) contacts were fabricated on Al 2O3 (~1 nm)
tunnel barrier by electron beam deposition (Temescal FC-2000) to create N-I-S
junction. A schematic diagram of the fabricated device is shown in Figure 4.1(a).
To optimize the performance, the well-known DEME-TFSI ionic liquid was chosen
as a liquid gate electrolyte due to its proven capability to induce surface carrier
density in the order of n2D ~ 1014 cm-2 [3,6,18]. The ionic liquid was heated up to
65oC inside a vacuum chamber to eliminate moisture before being applied onto the
device.

4.3 Results and Discussion
4.3.1 Gate Tunable Critical Temperature and Carrier Density
In order to reach the superconducting state of few-layer MoS2, we
performed the ionic liquid gating technique in Electrical Double Later Transistors
(EDLTs) configuration as shown in Figure 4.1(a). The DEME cation was driven
electrostatically to the channel surface using the top gate at T = 220 K, which
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prevents the electrochemical reaction. The state induced at 220 K was quickly
fixed by cooling down to liquid helium temperature T ~ 1.6 K, while the resistivity
of the sample was kept monitored at a function of temperature. Below the glass
transition temperature of the ionic liquid (T < 180 K), the accumulated cation on
the surface of MoS2 became static so that the electrostatic gating using EDLT
becomes no longer possible. At low temperature, the carrier density modulation
was switched by the back gate using SiO2 dielectric. All of the transport
measurement at low temperature was performed using several SR830 (Stanford
Research) lock-in amplifiers and a DC Keithley 2450. The sample was cooled by a
closed-loop cryostat down to 1.6 K (Cryogenics UK).
Figure 4.1(b) shows the temperature dependence of resistivity for iongated few-layers MoS2 below T = 150 K. The critical temperature Tc was observed in
the range of T = 5 to 8.1 K. Here, Tc is defined as the temperature at which the
transition reaches the mid-point of the total resistivity transition (50% of Rs). The
VBG dependence is consistent with various previously observed Tc in a single crystal
few-layers MoS2 [3,19,20]. As depicted in Figure 4.1(c), our device was able to
modulate gate voltage from VBG = -60 to 60 V causing a significant variation of the
Tc. The summary of the extracted back gate dependent Tc is shown in Figure 4.1(d)
where the error bars show the difference of Tc determined by 50% and 10% Rs. The
global average of error in Tc determination is ∆Tc ~ ± 0.38 K.
The carrier densities at the different applied VBG and temperature
conditions were determined by performing a Hall effect measurement. For
instance, the sheet carrier density n2D can be calculated directly using the
following equation:
𝑅𝑅𝐻𝐻 (𝐵𝐵) = −

1

𝑛𝑛2𝐷𝐷 𝑞𝑞

𝐵𝐵

(4.1),

where RH is the Hall resistance, B the magnetic field, and q the elementary charge.
Therefore, the n2D can be simply determined by performing a linear fitting of the
RH vs B curves. Figure 4.2(a) shows the calculated carrier densities at the different
VBG biases and temperatures. All measured n2D are in the order of ~1014 cm-2, which
is consistent with the previously studied EDLT gated few-layers MoS2 systems
[6,16,19,21,22]. Moreover, at the low temperature (T = 10 K), the sheet carrier
density n2D of the MoS2 transistor is in the range of n2D = 1.1 to 1.51014 cm-2 and we
expect our system is very close to the superconductivity dome peak of MoS 2 EDLT
system according to the previous observations [22]. The average of n2D in each VBG
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bias are shown in Figure 4.2(b), where the n2D modulation using the VBG can overall
reach ∆n2D ~ 0.51014 cm-2. Figure 4.2(c) shows the measured Hall resistance at
different applied back-gate that are used to extract the n2D at T = 10 K in Figure
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4.2(a).

Figure 4.2 (a) The measured sheet carrier densities n2D at the different back gates
and temperatures. (b) The average value of n2D at the different back gates. The
error bars represent the standard deviation of n2D in each back gate from the n2D
dataset at different temperatures. (c) The Hall resistance of the few-layer MoS2
device in different applied back gate at T = 10 K.
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Figure 4.3 The differential conductance curves of N-I-S junction between gold
contact and SC-MoS2 at (a) different applied back gates and (b) temperatures with
VBG = 60 V. The black arrows point the location of quasiparticle peaks in tunneling
spectra and, for each curve; the distance between two arrows corresponds to 2Δ.
Note for T = 8.4 K, the tunneling peak completely disappears with the vanishing SC
gap when the T approaches Tc. (c) The temperature dependence of resistivity at VBG
= 60 V. The colored dots correspond to the location at which the tunneling
conductance was measured. The dots with different colors correspond to the
tunneling spectra of the same colors shown in (c). Inset in (c) shows the
normalized dI/dV at two representative temperatures below and above Tc at T =
1.45 (black) and 12 K (red).
4.3.2 Tunneling Spectroscopy of Superconductivity Gap
As discussed previously, based on the superconductivity of a few-layer
MoS2 with the tunable critical temperature Tc and sheet carrier density n2D as a
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function of the VBG, we would like to study the superconducting (SC) gap as a
fundamental parameter. Theoretically, the SC-gap is a physical parameter that
describes the energy required to form a phonon-mediated electron-electron pair
below the SC critical temperature. This pair of electrons is called a Cooper pair. In
a normal metal, the formation of electron pairing is unlikely due to Coulomb
repulsion from two similar charges. According to the Bardeen-Cooper-Schrieffer
(BCS) theory, the electron-phonon interaction at low temperature overcomes this
Coulomb repulsion so that a pair of electrons with opposite electron spins forms a
Cooper pair [23].
As discussed above, the most widely used and effective way to characterize
the SC-gap is by performing tunneling spectroscopy. This physics involved can be
described by the Blonder-Tinkham-Klapwijk (BTK) theory, which explains how the
normal electrons and Cooper pairs interact at the interface between a normal
SC junction to probe the energy-dependent density of state (DOS). In our
experiment, we used gold contact as normal metal and measure differential
conductance between gold-SC MoS2 junction using the configuration described in
Figure 4.4(a).
The differential conductance was measured between the metal and SCMoS2, which pronounces a typical SC-tunneling conductance signal at the lowest
temperature reachable by the cryostat (T = 1.45 K). The VBG dependence of
normalized differential conductance at the base temperature is shown in Figure
4.3(a). At this condition, the curve consists of two symmetric peaks (black arrows)
originated from the tunneling process of the normal electrons into the electron
and hole branches of the quasiparticles of the superconductor. Qualitatively, the
separation of quasiparticle peaks corresponds to 2∆ where ∆

is the

superconducting gap of ionic-gated MoS2. Therefore, the SC-gap can be
qualitatively estimated as ∆ = 1.12 meV at VBG = 60 V and, as the VBG decrease, the
separation of the peaks become smaller implying that the SC-gap decrease with
the lowering of the carrier doping. The result of tunneling measurement is very
consistent with our previous transport measurement where the Tc can be
determined from the resistive transition. Both the Tc and Δ from our measurement
follow a similar trend as a function of the VBG, where the lowering of Tc was also
observed when the back gate decreases.
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metal and an SC [24]. For instance, this method is performed on the normal metal-
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2

Figure 4.4 (a) A schematic mechanism of a tunneling current between a normal
metal and SC MoS2. (b) An optical microscopy image of the fabricated few-layer
MoS2 transistor device and a schematic diagram for measuring the tunneling
spectroscopy. (c) The comparison between experimental data and fitting curve at
VBG = 60 V and T = 1.45 K. The fitting function is equation (4.2) as described in the
text.
Figure 4.3(b) shows the normalized dI/dV tunneling measurement at VBG =
60 V at different temperatures. The quasiparticle peaks, indicated by black arrows,
are broadened as the temperature increases and the separation between two peaks
became narrower indicating the closure of ∆. Finally, at T = 8.4 K, the dI/dV shows
no appreciable tunneling peaks meaning the SC-gap is closed and the MoS2 enters
the normal metallic state. This is, again, very consistent with the sheet resistance
Rs measurement shown in Figure 4.3(c) from which the Tc is estimated to be
approximately 8.1 K at VBG = 60 V. The inset of Figure 4.3(c) shows the tunneling
conductance in the SC-state (T = 1.45 K) normalized by dividing with the tunneling
conductance in the normal state (T = 12 K).
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The overall differential conductivity measurement clearly shows the welldefined quasiparticle peaks which, surprisingly, qualitatively comparable with the
previously measured SC-gap in 2D materials, e.g. NbSe2 and MoS2 [14,16]. We
expect that the Al2O3 insulating barrier in our contact due to the fact that the
formation of finite dip between two quasiparticles peaks in tunneling
measurement. Furthermore, it is likely that the built-in insulating barrier also
formed due to the Schottky barrier or chemical reaction from metalsemiconductor during the fabrication process [25–27]. Therefore, the tunneling
configuration in EDLT for the normal metal-SC MoS2 interface can be described as
shown in Figure 4.4(a). We expect that the tunneling process occurs between gold
contact, Al2O3, and the surface of SC-MoS2 (N-I-S) since in the EDLT system for
layer materials the superconductivity is only confined on the topmost surface [6].
In addition, our tunneling measurement is different from the previous experiment
Therefore, the key advantage of our configuration is that it allows us to confine
the tunneling spectra only from surface state and having the freedom of tuning the
density of the carrier from the bottom gate. The limit of device performance is
shown in Figure 4.3(a) where, at VBG < -20 V, the conductivity drops start to appear
close to V ~ 3 − 4 meV due to the influence of critical current Ic.
To quantitatively extract the value of ∆, we consider the widely used BTK
model as the starting point. The main parameter used in the standard BTK model
consists of ∆ and Z, where Z is a dimensionless parameter that characterizes the
barrier strength in a normal metal-SC interface and responsible for the shape of
finite dip between two quasiparticles peaks in the tunneling spectra [24]. However,
in most experimental cases, the BTK model is oversimplified meaning there are
more parameters contribute to the tunneling process. For example, Dynes et al.
[28,29] developed an empirical model to describe the tunneling peak broadening in
the normal metal-SC junction. Later, Plecenik et al [30] modified the standard BTK
model by including a quasiparticle lifetime broadening parameter into the
tunneling equation. The lifetime broadening effect occurs as a consequence of
inelastic scattering close to normal metal-SC junction [30]. This inelastic
scattering is mostly due to the degradation process in normal metal-SC interfaces
during the fabrication process, which influences the quasiparticle lifetime near the
SC junction. For instance, the modified BTK model can be expressed by the
following equation:
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reported for SC-MoS2 using the insulating bottom layer as a tunneling barrier [16].
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𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

∞

= 𝐶𝐶 ∫−∞ −𝑓𝑓 ′ (𝐸𝐸 − 𝑒𝑒𝑒𝑒)(1 + 𝐴𝐴(𝐸𝐸, ∆, 𝑍𝑍, 𝛤𝛤) − 𝐵𝐵(𝐸𝐸, ∆, 𝑍𝑍, 𝛤𝛤)) 𝑑𝑑𝑑𝑑

(4.2),

where f(E) is the Fermi distribution function, Δ the SC gap value, Γ the lifetime
broadening, C the normalization factor, A(E) and B(E) are the probabilities of
Andreev and Normal reflection, respectively [24,30]. Especially, Γ determines the
broadening of quasiparticle peaks. Therefore, using equation 4.2, we are able to fit
our differential conductance data and extract the exact number of ∆. As shown in
Figure 4.4(c), the equation is well fitted with our measurement data at VBG = 60 V
and T = 1.45 K yielding the ∆ = 1.12 meV, Z = 0.9, and lifetime broadening is
reasonably small Γ = 0.12 meV, which is 10.5% of ∆. The estimated ∆ is very close
with ΔBCS = 1.2 meV, where the gap can be also estimated from Tc as ΔBCS =
1.726kBTc, where kB is the Boltzmann constant and Tc = 8.1 K. In addition, the
lifetime broadening Γ obtained from our fitting is much smaller than the
previously reported interlayer tunneling spectroscopy of MoS2 indicating a good
contact quality in normal metal-SC MoS2 interface [31].

Figure 4.5 Summary of the SC gap ∆ extracted from fitting with equation 4.2 as a
function of temperature (a) at VBG = 60V. The black dashed line is a fitting function
using the BCS equation for Tc = 8 K. (b) the ∆ and Tc as a function of n2D at T = 1.45
K. Here, one can see that both ∆ and Tc start to saturate when n2D > 1.21014 cm-2.
The green area represents the part of the SC dome. The error bars shown in both
figures represent the difference between ∆ values determined from the fitting with
equation 4.2 and qualitative determination from dI/dV curves.
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Figure 4.5(a) shows the temperature dependence of SC-gap ∆ at VBG = 60 V
extracted from the modified BTK fitting. As expected, the SC-gap ∆ is completely
closed when T is close to Tc. Furthermore, the data also gives a good agreement
with the BCS superconductivity model and is well fitted with the BCS fitting
function [41,42]. The extracted Tc = 8 K is consistent with the resistivity
measurement. The zero-temperature SC-gap of Δ(T = 0 K) = 1.12 meV is very close
to the BCS SC-gap prediction in zero-temperature limit ΔBCS = 1.22 meV. The error
bars in the figure correspond to the discrepancy between ∆ determined by fitting
and the value obtained from the dI/dV curves. The behavior of the SC-gap at
different n2D values is shown in Figure 4.5(b). The n2D was modulated from n2D = 1.1
to 1.5×1014 cm-2 using the back gate and the ∆ gradually increases as the n2D
increases. When the carrier density increases, the Fermi energy is upshifted
occupying more electron states in the conduction band. Furthermore, a nonlinear
starts to appear at n2D > 1.2×1014 cm-2 following a similar trend with the change of
Tc observed in resistivity measurement. This specific state is expected to reside on
the left side of the peak of the superconducting dome referring to the phase
diagram established previously [3].
In the previously studied MoS2 band structure calculation under highlyinduced carrier density, the increase of n2D not only influences the upshifting of
Fermi energy but also induces valley band dynamics in K/K' and Q/Q' points
[32,33]. For instance, in the MoS2 case, the lowest energy difference between K/K’
and Q/Q’ is reduced with the increase of n2D. As a consequence, the electrons at
high carrier density regime n2D ~ 1014 cm-2 not only occupies the K/K' valleys but
also the Q/Q' valleys because the Fermi surface also starts to appear in Q/Q' point
[32,33]. Moreover, further studies show that the major contribution of SC in 2D
MoS2 is intervalley electron-phonon interaction from the K/K’ to Q/Q’ [32]. This
implies that, at this regime, the SC state is starting to appear as the intervalley
electron-phonon interaction starts to contribute. Furthermore, in the overdoped
condition, this intervalley electron-phonon is saturated and eventually decreases.
The majority of electrons occupy the Q/Q' points and, as a consequence, the Tc
decreases [32].
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relationship between ∆ and n2D is observed from the curve as the saturation regime
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Figure 4.6 The schematic illustrations of band structures of a few-layer MoS2 in
high carrier density regime n2D ~ 1014 cm-2. The band structures are adapted from
references 32 and 33. The left panel shows the electronic band structures of 2D
MoS2 in the onset SC state (a), the SC-dome peak (c), and the overdoped regime
(e). The dashed red lines represent the Fermi energy in each condition. The right
panels show the Fermi surface of the onset SC state (b), SC-dome peak (d), and
overdoped (f). The location of high symmetry points in the Brillouin zone is shown
in (f).
The influence from the Q/Q’ under high external doping is shown
schematically in Figure 4.6 adapted from reference [32,33]. Initially, the Fermi
level crosses the K/K' and the small part of the Q/Q' point (Figure 4.6(a)) creates
the Fermi surfaces in both valleys but more dominated by the K/K' valleys (Figure
4.6(b)). At this condition, the SC state starts to occur as the intervalley electronphonon interaction q = M already exists. When the n2D increase (Figure 4.6(c)), the
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Fermi level increases, and, the Q/Q' points are lowered resulting more electrons
occupy the Q/Q' as the Fermi surface increases and increasing the intervalley
interaction (Figure 4.6(d)). In the overdoped condition, the electrons highly
populate Q/Q' due to the decrease of the Fermi surface at the K/K' point (Figure
4.6(e)). As a consequence, the intervalley contribution decreases (Figure 4.6(d))
and the Tc becomes lower because of the weakening of the electron-phonon
interaction. From our Tc and Δ experiment, the saturation starts to occur close to
n2D = 1.21014 cm-2. This number is close to theoretical prediction in trilayer MoS 2
performed by using first principle calculation where the electrons start to occupy
the Q/Q’ more than the K/K’ points [33].
4.3.3 Determination of Electron-phonon Coupling Constant
To understand the electron phonon-interaction in our 2D SC system at the
study to extract electron-phonon constant. The dimensionless electron-phonon
coupling (EPC) constant λe-ph can be approximated in the high-temperature limit (T
>> ΘD, where ΘD is Debye temperature) using the following equation [34]:
𝜌𝜌(𝑇𝑇) ≃ 𝜌𝜌0 + 𝜆𝜆𝑒𝑒−𝑝𝑝ℎ

4𝜋𝜋2 𝑘𝑘𝐵𝐵 𝑚𝑚 ∗
ℎ𝑞𝑞 2 𝑛𝑛0

𝑇𝑇

(4.3),

where ρ0 is the resistivity due to electron-impurity scattering, which is
temperature independent, m* the effective mass, and n0 the bulk carrier density.
For a 2D system with thickness t, the sheet resistance and 2D carrier density
become Rs = ρ/t and n2D = n0t, respectively. Therefore, equation 4.3 can be rewritten
for the 2D case as
𝑅𝑅𝑠𝑠 (𝑇𝑇) ≃ 𝑅𝑅𝑠𝑠0 + 𝜆𝜆𝑒𝑒−𝑝𝑝ℎ

4𝜋𝜋2 𝑘𝑘𝐵𝐵 𝑚𝑚 ∗
ℎ𝑞𝑞 2 𝑛𝑛2𝐷𝐷

𝑇𝑇

(4.4),

Here, the RS(T) is obtained experimentally by measuring the temperature
dependence of RS. We performed linear fitting by selecting the temperature range
between 100 to 150 K, where the slope dRs/dT can be easily determined. Our RS vs
T measurement shows a linear relationship between RS and T for each back gate
bias. Furthermore, we choose m* = 0.49me as reported in reference 35. The
examples of fitting procedure are shown in Figure 4.7(a) for the VBG = -60, 0, and
60 V.
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different carrier densities and its correlation with SC-gap, we perform a systematic
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Figure 4.7 (a) The linear fitting procedure for extracting electron-phonon
coupling parameter λe-ph using equation 4.4 at VBG = 60, 0, and -60 V (green, red,
and blue line respectively). Fitting curves are represented by the dashed line. (b)
The evolution of the λe-ph as a function of the carrier density n2D. (c) The relation
between critical temperature Tc and λe-ph. Our data λe-ph < 0.7 can be well-fitted by
equation 4.5 with coulomb repulsion parameter μ* = 0.12. The data λe-ph > 0.7
deviates from fitting function (solid black line) but coincides with simulated fitting
function with different μ* values: 0.15, 0.16, and 0.17 (blue, purple, and green
dashed line respectively). The blue dashed line represents fitting function with
standard value μ* = 0.13 from the literature [21,32].
For λe-ph < 1.5, the dependence between Tc and electron-phonon coupling
can be described by the strong-coupling formula [36,37]:
𝑇𝑇𝑐𝑐 =

𝜔𝜔𝑙𝑙𝑙𝑙𝑙𝑙
1.2

𝑒𝑒𝑒𝑒𝑒𝑒 [−

1.04(1+𝜆𝜆)

]…. (4.5)

𝜆𝜆−𝜇𝜇 ∗ (1+0.62𝜆𝜆)

where ωlog is the weighted average of the phonon energies in Kelvin and μ* the
Coulomb pseudopotential. Figure 4.7(b) shows the calculated λe-ph from the dRs/dT
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measurement a function of n2D. In the range of n2D = 1.08 to 1.8×1014 cm-2, the
magnitude of λe-ph is classified with medium-coupling strength (λe-ph ~ 0.5 – 1) [37].
Our result is consistent with previous observations, in which the reported λe-ph ~ 0.6
to 0.7. This is also in the range of theoretical predictions by first-principle
calculations [21,32]. Furthermore, the relationship between λe-ph and Tc is shown in
Figure 4.7(c). For VBG < 0 V, our data can be fitted well by equation 4.5, yielding
reasonable fitting parameter ωlog = 230 based on the previous prediction [21]. The
Coulomb repulsion parameter is μ* = 0.12, which is very close to the previously
observed parameter μ* = 0.13, and not far from Allen and Dynes prediction for
standard μ* = 0.1 [32,37]. However, for λe-ph > 0.7, our data starts to deviate from
the fitting function. We attribute that the deviation is due to the enhancement of
Coulomb repulsion that occurs due to the increase of carrier doping. To confirm
this, we try to fit the deviated part of the data using equation 4.5 with different
λe-ph > 0.7, is coincide with simulated curves (dashed line) with μ* = 0.15, 0.16, and
0.17, which agrees very well with the scenario of the enhancement of Coulomb
interaction. Additionally, the enhancement of μ* parameter is physically
reasonable since the electrostatic induced electrons are capable to enhance the
screening effect [38]. Another possible reason regarding this deviation is due to
the change of average phonon frequency as a function of n2D. However, from our
previous measurement on Tc, n2D, and Δ, it has been shown that our SC system is
close to SC-dome peak. Therefore, the effect of phonon dynamics is unlikely since
the dramatic change of the phonon frequency occurs in the overdoped regime
rather than in the proximity of the SC-dome peak [39].
To investigate the interplay of electron-phonon coupling and Coulomb
repulsion in a few-layer SC-MoS2 and their effects on SC-gap, we extract SC-gap
ratio as another macroscopic parameter to characterize the coupling strength of
present superconducting material. As previously explained, the SC coupling
strength, according to the magnitude λe-ph, is classified as weak coupling (λe-ph <
0.5), medium coupling (0.5 < λe-ph < 1), and strong coupling (λe-ph > 1) [37]. By
extracting the SC-gap ratio, the coupling strength of the SC state can be
determined relative to the BCS limit [40]. For instance, the SC-gap is classified as a
SC with strong coupling if the ratio is higher BCS limit ~ 3.528. Figure 4.8(a) shows
the SC-gap ratio as a function of the back-gate bias. Our SC system is always in the
proximity of the BCS limit for all the bias range with an average SC-gap ratio is
3.46 ± 0.20. The relatively constant SC-gap ratios close to the BCS limit suggest
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Coulomb repulsion parameters. As one can see in Figure 4.7(c), the point, where
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that the SC state induced in MoS2 appears to be a BCS state. In addition, the fact
that the SC-gap is close to the BCS-limit is consistent with the previous discussion
about λe-ph, where the system is in the range of medium coupling SC.

Figure 4.8 (a) The SC-gap ratio as a function of the back-gate bias. The blue area
represents standard error from the SC-gap data. (b) The evolution of the EPC λe-ph
and Coulomb repulsion parameter μ* at different n2D values.
As shown in Figure 4.8, more precisely, the gap ratio shows a crossover
between the strong and weak coupling regime between VBG = 0 and -20 V. At the
VBG < 0 V, the SC-gap ratio starts to cross the BCS and enters the strong coupling
regime, while the ratio is lowered down with the increase of VBG. This behavior is
opposite from our previous finding in the electron-phonon coupling measurement
where the increase of carrier density clearly enhances the e-ph coupling. We
attribute this crossover to the interplay of electron-phonon coupling and Coulomb
repulsion. Figure 4.8(b) shows the simultaneous enhancement of the λe-ph and μ* as
the carrier density increases. In the higher of carrier density, the λe-ph is enhanced
resulting the higher Tc. However, at the same time, Coulomb repulsion is enhanced
as well so that it suppresses the superconducting state, which possibly weakens
the electron-phonon interaction [38]. In contrast, the repulsive Coulomb
interaction is lowered at lower carrier density. As a result, the weakening caused
by a repulsive interaction diminishes. It is worth noting that this weakening effect
is not prominently observed in our measurement due to the limited range of the
solid gating modulation. Additionally, the μ* only increases slightly from 0.12 to
0.17, which are smaller than the theoretically predicted limit μ* ≥ λe-ph/3 at which a
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significant screening effect is expected [38]. Therefore, the effect of this interplay
cannot dramatically affect the other macroscopic parameters such as lowering the
Tc. Nevertheless, we expect that this effect will be more pronounced once the SC
state enters the overdoped regime in the SC-dome where the gradual decrease of
the Tc has been widely reported in this regime [3,16].

4.4 Conclusion
In this chapter, the SC-gap tunneling spectroscopy in SC few-layer MoS2
has been demonstrated. The measured tunneling dI/dV spectra is well fitted with
the BTK model and the extracted SC-gap value from the fitting is very close to the
SC-gap calculated from the BCS prediction. Furthermore, the surface N-I-S contact
method allows us to study physical parameters from the surface with the freedom
of tuning the carrier density from the back gate. In addition, we study the
the coupling enhancement in the medium coupling range. The deviation of Tc(λe-ph)
from the theoretical prediction indicates the role of carrier doping to the
enhancement of Coulomb repulsion in the SC few-layer MoS2 inducing the
interplay between the electron-phonon coupling and Coulomb repulsion.
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electron-phonon coupling interaction in different carrier densities, which suggests
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5.1 Introduction
The technological demands for nanofabrication keep increasing with the
fast development of nanoscience and quantum phenomena especially in the field
of 2D materials. The isolation of single- or few-layer of graphene as a 2D Dirac
metal followed by the preparation of layered transition metal dichalcogenides
family as the 2D semiconductor and the hexagonal boron nitride as a 2D insulator.
The broadness of this field and the richness of the physical phenomena have
attracted many interests to the study of new physics in the 2D system. On the
other hand, the discovery of a wide range of other 2D materials, from
superconducting to insulating 2D materials, also provides unique building blocks
to realized artificial heterostructures for low dimensional electronics and optical
devices, which are promising to be integrated with present silicon-based
semiconductor technologies or devices for future prospective such as flexible and
transparent electronics. To realize these potentials, the development of
heterostructure fabrication techniques is essential.
Recently, the 2D heterostructure fabrication is dominated by the dry
incorporates a PDMS layer as a stamp and thin-film polycarbonate as a temporary
substrate for targeted 2D materials which, subsequently, acts as a sacrificial layer
when the samples are placed onto the real substrate [1]. Furthermore, the chemical
compound used in this method is non-toxic and acid-free so that it is safe to be
performed in any environment. In addition to this dry method, we develop a new
technique of 2D heterostructure fabrication inside a high-vacuum environment (~
10-6 mbar) to realize a clean interface without trapping contamination between
layers. This is the ultimate method for realizing high-quality heterostructure
devices. In this chapter, we demonstrate the technical process of vacuum 2D
heterostructure process followed by the evaluations of sample quality by AFM and
optical spectroscopy.

5.2 Vacuum Transfer Procedure
We use mechanical exfoliation to isolate monolayer WS2 and few-layer BN
onto SiO2/Si wafer (tSiO2 = 285 nm) from a bulk single crystal. The wafer is prepatterned with a marker system for setting up a coordinate so that the positions of
targeted flakes can be easily relocated. Then, the 2D materials stacking can be
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performed inside a high-vacuum condition using the dry transfer method [1]. Here,
we developed a homemade set up of heterostructure fabrication platform that
incorporated with a high-vacuum system.
The schematic design of the vacuum stacking setup is shown in Figure
5.1(a). The platform consists of a 6-way UHV interconnect that works at highvacuum down to ~10-6 mbar by connecting the chamber to the turbomolecular
pump. The removable sample stage, the yellow part in Figure 5.1(a), is designed so
that it can be introduced from the interlock and connected to the 60 cm long
stainless-steel vertical rod. Using this vertical rod, the vertical position of the
sample stage can be roughly positioned and temperature control and heater power
supply is via the electrical feedthrough from the bottom of the rod. As shown in
Figure 5.1(a), the vertical position of the stage can be adjusted depending on
different purposes: position (1) is mainly located for the pre-annealing process
and the high precision alignment of flakes is performed in position (2), where the
optical microscopy can monitor the stacking process though the quartz window on
the top of the xyz manipulator. The pre-annealing procedure is typically applied to
remove the moisture and hydrocarbon residues on the targeting flakes, which is
deposited by exposing the freshly cleaved surface to the atmosphere. The quartz
window is attached to a bellow to provide the flexibility of xyz positioning. As one
can see in Figure 5.1(b), the window position can freely move in a threedimensional direction by adjusting three directional micro drives; (1) for the
vertical z-direction, (2) and (3) for in-plane xy direction. Furthermore, the
microscopic lens is also equipped with xyz directional control so that one can
easily follow the movement of the quartz windows. The PC-PDMS stamp attached
under the window is shown in Figure 5.1(c). Similar to the previously well-known
dry transfer method, the role of PC-PDMS is as a temporary and sacrificial
substrate for transferring flake(s) from the initial substrate onto the targeted ones
[1]. To work with the air-sensitive materials, a small transfer module (Figure
5.1(a), part 3) equipped with a horizontal transfer rod is designed so that it can be
separated and connected to the port of a glove box, from which air sensitive
materials can be transferred. Between the module and the main vacuum chamber,
we incorporate an interlock to pump all parts before the chambers can be linked
together. Then, the sample stage can be detached from the horizontal rod and
attached to the vertical rod of the main chamber for alignment. By reversing the
procedure, the sample can be sent back to the glovebox for further processing.
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Figure 5.1 (a) Schematic diagram of the high-vacuum transfer system. (b) Image
of the fabrication platform. (c) Magnified details of the transfer window to locate
and align the flakes with PDMS and PC stamp (transparent square-shape) attached
underneath.
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Figure 5.2 Schematic process of 2D transfer inside the vacuum system to place a
few-layers (FL) WS2 flake onto a hexagonal boron nitride (BN) substrate. (a)-(d)
Schematic step-by-step transfer process and optical microscopy image acquired
during the process. (a) The WS2 flakes cleaved on a marked Si/SiO2 substrate (goldmarker not visible) is located using optical microscopy. Before the picking-up
process, the sample was pre-baked at 130-150 C to remove any moisture and
contamination on the flake surface. (b) The PDMS-PC stamp is contacted to the
flake and, subsequently, heated to 60-90 C. The pick-up process is done by
naturally cool down the flake back to room temperature. (c) The picked-up sample
is aligned and, then, slowly contacted to the targeted BN. (d) The final step is
melting the PC film and leaving the stack on the wafer. By doing this, the PDMS is
separated and PC and flake remain on the wafer. (e) The remaining PC on the
wafer can be easily dissolved by chloroform. (f) AFM image of surface topography.
The roughness of the sample in the yellow box is 135 pm.
The detailed stacking procedure is depicted schematically in Figure 5.2.
Firstly, wafers containing exfoliated flakes are fixed onto the sample stage by
silver paste. The sample is pumped down to a high vacuum under which the preannealing treatment is performed to remove the contaminations such as moisture
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and hydrocarbon on the surface of the samples. The annealing temperature is in
the range of 130-150 C, which was kept for 2-3 hours. The location of the flake
can be found following the coordinate system on the wafer. We note that in this
vacuum system, the sample position is fixed. The change of in-plane xy direction is
determined by the movement of the quartz window and followed the microscopic
lens. After the targeted flake is found, the pick-up process is performed by
contacting the PC-PDMS stamp to the flake and, subsequently, introducing
heating of the stage. The optimum temperature for flake retraction is 90-100 C for
5 minutes. And, then, by cooling down to room temperature, the sample can be
picked up by the PC-PDMS stamp due to the contraction of the stamp during
cooling down.
The sample, therefore, is attached under PC-PDMS as shown in Figure
5.2(b). The picked-up flake can be aligned easily by moving the quartz window and
microscopic lens. After aligned the sample to the target position, the PC-PDMS
stamp, once again, is contacted to the substrate and heated, for now, up to 185195 C for melting the sacrificial PC film as shown in Figure 5.2(c). Finally, the
PDMS stamp is retracted from the sample and separated from the melted PC layer
structure after removing the PC film by chloroform immersion for 1 hour. For
stacking multiple layers, step 5.2(a) and (b) can be repeated multiple times before
proceeding to the next step.
Overall, all of the fabrication steps are very similar to the well-established
dry transfer method for 2D heterostructures [1]. However, few parameters have to
be adjusted due to high-vacuum pressure inside the chamber. Furthermore, the
cooling rate inside the vacuum system became troublesome. Due to the lack of
heat conductance from the sample to outside of the chamber, the initial cooling
rate is as slow as ~0.4oC/min. It means, from 95 to 30 C, the estimated total
cooling time is 2 hours 30 minutes, which is unnecessarily slow for multi-stacking
fabrication. For that reason, we introduce the separated gas line in the vertical rod
as a heat medium for the sample stage. The flow of room temperature gas can be
injected into the rod in open circulation, which effectively takes heat from the
transfer stage to the atmosphere. With this method, the cooling rate can be
adjusted and doubled up to ~1 C/min.
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as shown in Figure 5.2(d). Figure 5.2(e) shows the optical image of the stacked
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The AFM image of the fabricated 2D heterostructures is shown in Figure
5.2(f). One can see that the fabricated few-layers WS2-BN stack is bubble-free.
However, few contaminations are still spotted outside of the overlapping area. We
attribute these contaminations from the adhesive tape residue that can be hardly
removed unless thermal treatment up to 350 C was applied. To remove these
residues, a more extensive study needs to be performed for the optimized
parameters in high-temperature annealing because unlike graphene, heating
TMDs under high temperature can cause a deficiency in chalcogen stoichiometry.
Moreover, the extracted average value of surface roughness is ~135 pm which is in
the range of the surface roughness reported for hBN: 50 - 200 pm [2]. We note that
our value is relatively high compared to the roughness of hBN. However, in
comparison with the reported value of TMDs, specifically for WS2, our result shows
significant improvement as the previously reported values are in the range of ~200
- 800 pm [3].

5.3 Low-temperature optical measurement
The encapsulated WS2 sample was prepared by using the vacuum transfer
technique described in the previous sections consisting of an exfoliated WS 2 flake
sandwiched between two thin hBN flakes (t~10-20 nm). Optical microscopy the
fabricated sample is shown in figure 2(a). Photoluminescence (PL) measurement
was performed by using green excitation laser λ = 532 nm. The laser was focused
into a spot diameter of 3-5 μm onto the fabricated sample using a microscope
objective of 100 magnification. The PL was collected with the same objective lens
before filtering out reflected laser light using a notch filter and, subsequently,
measured by spectrometer equipped with a cooled CCD camera (TCCD = - 65 C).
The PL imaging was obtained from a preliminary sample check using
fluorescence microscopy. The comparison between spatial resolved PL and AFM
image is shown in Figure 5.2(b) and (d). As one can see, the PL profile in the
sandwich sample is determined by the surface quality of the sample. For example,
the PL intensity in the bubble area (green “" symbols) is lower than the other
flatter areas. The bubble area is formed by trapping moisture or hydrocarbon on
the interface WS2. Based on our preliminary checking, we are able to selectively
choose the best spot to perform the next measurements.
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Figure 5.3 (a) Microscopy image of an hBN-encapsulated monolayer WS2 flake.
The yellow dashed line outlines the monolayer WS2 flake. (b) Spatial PL mapping
of the sandwiched sample. (c) The overlaid image of (a) and (b). (d) AFM image of
the sample. The Green "" symbols in (b) and (d) are showing the same area to see
the relation between PL intensity and sample's morphology. White scale bars in
(a), (b), and (c) all represent 5 μm.
Figure 5.4 shows the low-temperature PL measurement of the monolayer
WS2 sample up to T = 80 K using a 532 nm excitation laser. Here, we compare the
PL spectrum between sandwiched area (a) and exposed area (b) from the same
sample. Similar behavior is shown where the neutral exciton X 0 decrease when the
temperature is cooled down from 280 to 80K, while the neighboring lower energy
exciton X-, known as the charged exciton or trion shows enhancement with the
decrease of temperature. The most distinct difference is the presence of low
energy exciton at T = 80 K in the exposed WS2, which has been reported previously
as localized exciton [4–6]. The origin of the localized exciton is due to electron-
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hole recombination assisted by the trap states which are created by the presence of
defects on the 2D crystals [4,5]. In contrast, the lower energy peak is unlikely
appeared in the sandwiched sample, even at low temperature, indicating that the
sandwich structure protects the 2D crystals for the external contaminations.

Figure 5.4 The temperature dependence of the PL spectra in the sandwiched area
(a) and exposed area (b) of the WS2 sample. In (b), the feature corresponds to the
localized exciton (L) in the exposed sample area becomes more pronounced at the
lower temperature.
To study precisely the excitonic states in encapsulated WS2, we perform PL
measurement at down to 5 K using liquid helium in a Janis microscope cryostat
(ST-500) for optical studies. The PL spectrum excited by 90 μW is shown in Figure
5.5(a). The neutral exciton peak X0 at 2.075 eV and two charged exciton species X1and X2- at 2.036 eV and 2.042 eV can be clearly separated. The charged excitonic
species, namely trion, are split due to Coulomb exchange interaction [7,8]. In
addition, we observe two distinct emissions at a lower energy of 2.010 eV and
1.973 eV which has been reported as spectra due to defect localized recombination
(L) [6,9]. Furthermore, the peak at 2.020 eV (XX) exhibits the most prominent and
sharp emission among the overall excitonic species. In addition, the high-intensity
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peak shows non-linear behavior as the function of laser pump intensity as shown
in Figure 5.5(b). We attribute this peak to biexciton emission which has been
widely studied for its super-linear intensity dependence as a function of laser
excitation intensity [4–6]. The linewidth of 4.9 meV extracted from Lorentzian
fitting for biexciton emission is close to the sharpest reported biexciton peak of 4.4

Figure 5.5 (a) PL spectrum of sandwiched monolayer WS2 at T = 5 K. The
Lorentzian fitting (green lines) is performed to deconvolute the excitonic peaks
from the pristine data (black dots). Inset: the neutral exciton peak. (b) Comparison
between 90 μW (red) and 3.2 μW (blue) laser-pumped PL normalized by the X1peak.
To confirm the presence of biexciton in our sample, we perform a series of
PL measurements as a function of laser excitation power. The spectrum
comparison between different excitation power is shown in Figure 5.6(a). The clear
super-linear behavior is exhibited by excitation intensity dependence of the XX
peak indicating the formation of biexciton. For clarity, the spectral peaks are
normalized by X1-. The influence of laser excitation power to the integrated
intensity of XX and X1- is shown in Figure 5.6(b). The red and blue dots represent
XX and X1- peaks respectively and fit well with I ~ Pm, where I is integrated
intensity, and P the laser excitation power, and m is a power factor which
determines the super-linearity of the curves. As shown in Figure 5.6(b), m = 1.1
and 1.69 are obtained for X1- (blue line) and XX (red line) respectively, which
strongly indicates their charged exciton (trion) and biexciton origins, respectively
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meV, which confirms the high-quality sample [9].
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[4–6]. Furthermore, as shown in Figure 5.6(c), the intensity relationship between
the neutral exciton and other exciton species, the super-linear increase of
biexciton (red line) in respect to neutral exciton confirms its existence and fits
well with IXX ~ (IX) m, with m = 1.47. For bi- and neutral exciton at thermal
equilibrium, a power factor m =2 is expected. However, values for m smaller than 2
have also been observed in TMDs due to the lack of full equilibrium states [4–6].

Figure 5.6 (a) Power dependence of the PL spectra at T = 5 K. (b) Super-linear
behavior of Intensity of biexciton (XX) and trion (X1-) respect to excitation
intensity. (c) The relation between the neutral exciton and two other exciton
species (XX and X1). (d) Schematic process formation of biexciton. The arrows
show the energy transition between energy level and the colors do not represent
wavelength.
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Figure 5.7 (a) Temperature-dependent PL spectra with excitation power fixed to
90 μW. (b) Peak shift of three different excitonic components extracted from (a).
The solid black line represents curve fitting using equation (5.1).
The binding energy of biexciton can be determined as the energy
difference between two excitons and the biexciton energy state, EbXX = 2EX-EXX,
where EX = ħωX is the energy of the 1s exciton state determined by the neutral
exciton emission in the PL [4,10]. By assuming that the radiative decay of
biexciton only produces an exciton, the biexciton energy can be approximated as
EXX = ħωX + ħωXX, where ħωXX can be determined by the biexciton PL spectra [4,10].
Therefore, the biexciton binding energy can be estimated as EbXX = 2ħωX – (ħωX +
ħωXX) = ħωX – ħωXX, from which we obtain that EbXX ~ 65 meV. This value is
consistent with previous reports on mechanically exfoliated WS2 monolayers
[4,11]. Figure 5.6(d) depicts a schematic diagram of biexciton formation.
We summarize the evolution of PL spectra of encapsulated WS2 at
different temperatures in Figure 5.7(a). The excitation laser intensity in this
dataset is fixed to 90 μW. The peak positions of either neutral exciton and charged
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exciton are shifted into the higher energy level as the temperature decreases.
Furthermore, the biexciton feature at higher temperature is hardly noticeable. The
clear biexciton feature starts to appear below T = 80 K, possibly, due to thermal
fluctuation at the higher temperature. The temperature dependence of peak
positions of the neutral exciton (X0), trion (X1-), and biexciton (XX) are shown in
figure 7(b). The blue shift with the decrease of temperature can be well described
by a standard model for the band gap of a semiconductor [12]:
𝐸𝐸(𝑇𝑇) = 𝐸𝐸𝑔𝑔 (0) − 𝑆𝑆〈ħ𝜔𝜔〉 (coth (

〈ħ𝜔𝜔〉

2𝑘𝑘𝐵𝐵 𝑇𝑇

(5.1)

) − 1),

where 𝐸𝐸𝑔𝑔 (0) is the bandgap at zero temperature, S the dimensionless coupling
strength, and 〈ħ𝜔𝜔〉 the average phonon energy. The fitting (solid black line) yields

Eg(X0, X1-, XX) = 2.072, 2.033, and 2.023 eV, S(X0, X1-, XX) = 1.65, 1.69, and 0.98,
and 〈ħ𝜔𝜔〉(X0, X1-, XX) = 12.8, 11.7, and 1.6 meV.

Equation (5.1) is related to the standard Gibbs energy [12]. Furthermore,

the energy gap can be identified as Eg = ∆Ecv where ∆Ecv is standard Gibbs energy
[13]. Therefore, the entropy of the semiconductor can be estimated as [12]:
∆𝑆𝑆𝑐𝑐𝑐𝑐 (𝑇𝑇) = −

𝑑𝑑

𝑑𝑑𝑑𝑑

∆𝐸𝐸𝑐𝑐𝑐𝑐 (𝑇𝑇) =

𝑆𝑆〈ħ𝜔𝜔〉2 csch(〈ħ𝜔𝜔〉/2𝑘𝑘𝐵𝐵 𝑇𝑇) 2
2𝑘𝑘𝐵𝐵

(

𝑇𝑇

)

(5.2)

The maximum entropy of the system can be approximated in the limit kBT >> 〈ħ𝜔𝜔〉.

At high temperature, the entropy is approaching the limiting value ∆Scv(T)  2SkB. We implement the equation (5.2) for calculating entropy formation of the
neutral exciton, trion, and biexciton as shown in Figure 5.8. As one can see, the
entropy of neutral exciton and trion are saturated at ∆Scv(T) ~ 0.277 and 0.287
meV/K. Moreover, the biexciton entropy saturated earlier at ∆Scv(T) ~ 0.174 meV/K
and shows non-zero entropy at low temperature. We note this interesting point
that this non-zero entropy of biexciton is possibly due to non-thermal equilibrium
between neutral exciton and biexciton as we have observed in excitation power
dependence of the PL intensity. We attribute the lack of thermal equilibrium is due
to the intrinsic carrier of WS2 monolayer crystal. The intrinsic carrier increases the
Fermi energy of the system due to the free natural n-type carrier that typically
observed in the WS2 monolayer [4,6]. This excess of the carrier can combine with
exciton to form charged exciton (trion). Therefore, because of this intrinsic
doping, the thermal equilibrium for biexciton can hardly be achieved as the
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intrinsically doped carriers in monolayer keep forming charge excitons together
with the formation of neutral excitons.

Figure 5.8 Calculated from equation (5.2), the entropy of exciton formation a
of the maximum entropy at high temperature.
Furthermore, we compare the maximum exciton formation entropy of
neutral exciton from our measurement with previously reported in the 2D TMDs
system as shown in Figure 5.8. For the encapsulated MoS2 system, the predicted
maximum exciton formation entropy is ∆Scv(T) ~3.74kB = 0.322 meV/K, which is
calculated from the extracted parameter in Ref. [14]. In bare monolayer WS2 on
SiO2 wafer, the predicted value is much higher: ∆Scv(T) ~4.8kB = 0.414 meV/K as
reported in Ref. [10]. To compare with a similar encapsulated WS2 system, we
extract the fitting parameter from data available in Ref. [9], which yields ∆Scv(T)
~3.6kB = 0.312 meV/K. Compared with all available references, our system shows
the lowest entropy of exciton formation indicating better thermal equilibrium,
possibly, due to the better quality achieved by vacuum transfer because the
fabrication process inside the vacuum allows us to obtain direct layer-to-layer
contact due to the absence of atmospheric air, which eliminates the external
impurities that would be trapped between 2D heterostructure layers. This
observation gives us confidence that this vacuum heterostructure method would
give a significant impact on 2D heterojunction fabrication technology.
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function of temperature. Dashed vertical lines represent an asymptotic estimation
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5.4 Electrostatic Tunable Excitonic States in Encapsulated WS2
In the last section, we investigate the electrical tunable excitonic state in
the hBN-encapsulated WS2 system. To increase the gating efficiency, we have
chosen the electrical double layer transistor methods (EDLTs) using ionic liquid
(DEME-TFSI) as gate medium. Schematics of the fabricated device is shown in
Figure 5.9(a). The electrode is deposited to provide contact with exposed WS 2
flake. We note that to be able to perform the EDLTs method efficiently, the
measurement temperature is set above the glass transition of the ionic liquid T >
180 K. The optimal temperature for EDLTs is commonly known as T = 220 K [15].

Figure 5.9 (a) Schematic diagram of hBN-encapsulated monolayer WS2 in EDLTs
configuration. (b) PL spectrum at VLG = 0 and T = 220 K. Black dots represent
experimental data, the solid red line shows Lorentzian fitting, and green lines
show excitonic features from deconvolution. (c) Power dependence integrated
intensity from two excitonic peaks from (a). The solid lines are fitted curves using
the following relation I ~ Pm, where I is peak intensity and P is laser excitation
power. The black dashed line shows a linear relation for comparison.
Before we start the gate-dependent measurement, we perform PL
measurement at VLG = 0 V and T = 220 K to investigate intrinsic PL spectra features
as shown in Figure 5.9(b). Two distinct excitonic peaks appeared with higher
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intensity at lower energy peak. We attribute the higher energy peak to neutral
exciton and the lower energy to charged exciton (trion). Figure 5.9(c) shows the
superlinear relation between the integrated intensity of lower energy peak and
excitation power (red line) with m = 1.17 which confirms the presence of trion. On
the other hand, the linear relation at higher energy peak (black line) identifies the
presence of neutral excitons. The presence of trion in our system shows the
intrinsic doping in WS2 that is also consistent with the previous reports for WS2
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systems [10,16,17].

Figure 5.10 (a) and (b) spectral evolution as a function of the liquid gate in range
of VLG = ± 9 V. Black arrows show the gate sweep direction.
The photoluminescence (PL) spectra of the encapsulated WS 2 monolayer
are shown in Figure 5.10 (a) and (b) as a function of liquid gate voltage at T = 220
K. One can clearly see the spectral evolution as a function of the liquid gate.
Furthermore, the PL spectrum evolution in respect to the change of the gate
voltage clearly depends on the direction of applying the bias sweep. This is due to
large hysteresis observed in EDLTs system in electrical transport measurement
especially at low temperature where the movement of ions becomes very slow
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[15,18]. The PL was excited by a 532-nm laser at 90 μW and the diameter of the
laser spot is about 2-3 m. In the emission data, exciton and trion peaks are clearly
observed and have the intensity and positional responses with the liquid-gate
tuning. As the gate voltage increases, the intensity of trion becomes more
dominant as neutral exciton peaks decreased and eventually disappeared at VLG = 9
V. On the other hand, the exciton peaks increased as the liquid go to a negative
voltage while the trion peaks remained noticeable with a significantly lower
magnitude.

Figure 5.11 (a) Energy shift of exciton peak at different VLG. It is clear to see that
neutral exciton energy remains constant while the trion energy has tunability in
25 meV range (light blue area). (b) The neutral exciton/trion ratio at different VLG.
The neutral has a significant increase when the gate is swept to the negative side.
We summarize the exciton energy shift in the function of the liquid gate in
Figure 5.11(a). Here, the hysteresis due to the ionic liquid gate effect is clearly
observable. From our data, the trion energy has a significant response to an
external electrostatic field. In contrast, the appreciable change of neutral energy is
hardly observed and only shows the intensity change. We attribute the tunable
trion energy due to the large electrostatically induced carrier density by the ionic
liquid gate. By applying a positive gate voltage, the n-type carriers are induced and
lowering down the donor level energy in the conduction band. The tunability
range of trion energy by the liquid gate is ∆Etrion ~ 25 meV. We note that the
tunable range is achieved in the range of VLG = ±9 V taking into account the
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hysteresis effect of EDLTs. This value is much lower than reported tunability range
in silicon oxide, which is consistent with the high efficiency of the ionic gating
[19]. Due to the sandwiched structure, the gating effect is reduced in our sample
due to the enlarged thickness by inserting an hBN layer. Nevertheless, the reduced
effect of EDLTs but still shows sufficient efficiency for a very clear bias
dependence. Furthermore, the gating effect is reversible showing no chemical
reaction effect due to hBN protection even we apply a very high gate voltage of 9 V
for the ionic liquid gate. In addition, the enhancement of neutral exciton is
significantly achieved with this gating method. The EDLTs gating effect on neutral
exciton-trion ratio IX0/IX-, as shown in Figure 5.11(b), is significantly enhanced

Chapter 5

from IX0/IX- = 0 to 3 as a function of applied VLG.
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SUMMARY
Semiconductor technology becomes an essential part of modern life.
Starting from the emergence of quantum mechanics theory and, then, the
invention of the transistor, almost every aspect of modern society relies on
semiconductor devices. The use of semiconductor is so universal that applications
ranging from energy harvesting to powerful supercomputers can be realized.
Especially, in optoelectronics, various discovery and developments of new
materials have been accomplished to obtain efficient and scalable devices for the
next generation technologies. For that reason, the study of semiconductor is
continuously progressing to understand the nature of newly discovered materials.
2D materials are major examples that have been extensively studied in the
last decade. The invention of graphene in 2004 has been a major breakthrough in
material science. The exceptional electronic mobility and atomic scale thickness
became the main interest of this material. However, the absence of electronic
bandgap becomes a crucial disadvantage for graphene to substitute present
silicon-dominated semiconductor technology.

Therefore, it stimulates the

exploration of new-layered materials beyond graphene to provide a diversity of
building blocks to realize low-dimensional device technology based on 2D
materials.
Transition metal dichalcogenides (TMDs) group are the most promising
candidate to replace the present semiconductor technology. Their layered nature,
analog to graphene, and the existence of finite electronic band gap in particular
compounds such as WS2, WSe2, MoS2, and MoS2 have been a major interest of these
2D materials group. Not to mention, the superconducting (SC) TMDs have been
discovered in NbSe2 and TaS2, which give more variety in 2D materials building
blocks. Furthermore, with the development of the 2D heterostructure fabrication
method, the wide application of 2D materials devices starts to be investigated.
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. The
realization of the ideas is related to the incorporation of electrical double layer
transistors (EDLTs) configuration in which the high carrier density regime (n2D ~
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1014 cm-2) can be easily accessed. Chapters 2 and 3 discuss the development of
lateral 2D p-n junction based on TMDs-BN artificial heterostructure in which the
lateral p-n interface is tuned using the combination of EDLT and conventional
solid-state

gating.

Chapter

superconducting-normal

4

metal

focuses
junction

on
of

electrical

transport

field-induced

in

few-layer

the
MoS2

superconductor. Chapter 5 demonstrates the development of a novel technique in
2D

heterostructure

fabrication

technology

to

achieve

high-quality

2D

heterostructure devices.
In chapter 2, we demonstrated the development of lateral 2D p-n junction
based on TMDs-BN artificial heterostructure. We developed a lateral 2D p-n diode
and investigated the electrical performance of the devices by tuning the
electrostatic gating. We incorporate the EDLTs configuration to access high carrier
density regime and tune the intrinsic n-type TMDs into p-type. Our observation
showed that the electrical performance is thickness dependent and observed the
stable p-n junction behavior on the thinner layers with the highest rectification
ratio of 33000. In thicker layers, the device performance was strongly influenced
by unintended conductive bottom layer, which facilitated additional channel for
reverse-bias current. Furthermore, strong and well-defined electroluminescence
(EL) was observed in the monolayer device.
The use of thinner layer TMDs is necessary in order to give better 2D diode
electrical performance. In chapter 3, we incorporated monolayer TMDs to achieve
ultimate device performance since the electronic transport was expected to be
confined in a two-dimensional system. We demonstrated the fabrication of a 2D
lateral p-n junction based on CVD grown monolayer WS2 and implemented the
device architecture described in the previous chapter to obtain a sharp and welldefined p-n interface. The confocal microscopy images of the electroluminescence
(EL) confirmed that the lateral 2D p-n interface is sharp and stable. Moreover, we
investigated the electronic performance of the device, which showed efficient gate
tunability due to a combination of ionic liquid and high-k dielectric gate.
Furthermore, we investigated optoelectronic performance and the correlation with
induced carrier density. We observed that the exciton species rate from the EL
spectra strongly depends on induced carrier density ratio between the p- and ntype side of the p-n junction.
The electronic transport measurement of the superconducting-normal
metal interface in field-induced superconducting MoS2 became a focus discussion
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of chapter 4. Using the EDLT method, the superconducting state of MoS 2 can be
accessed by inducing high carrier density (n2D ~ 1014 cm-2). In order to characterize
the SC gap on the confined SC state, we measured the tunneling spectrum in
normal-insulating-SC (N-I-S) junction and observed the quasi-particle peaks as a
signature of the Andreev reflection. Our experimental results can be well described
with the Blonder-Tinkham-Klapwijk (BTK) theory yielding the magnitude of the
SC gap. Furthermore, our study showed the modulation of the SC gap in the range
of ∆ = 0.8 to 1.12 meV as a function of carrier density by tuning the back-gate
voltage. In addition, we studied the electron-phonon coupling interaction in
different carrier densities indicating the coupling enhancement in the medium
coupling range (λe-ph = 0.6 - 0.9) as the n2D increased.
Finally, in chapter 5, we demonstrated 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. We
described the detailed technical process of making 2D heterostructure in vacuum
followed by an evaluation of sample quality by AFM and optical spectroscopy. The
fabricated sample showed clean and flat surface quality as the extracted average
value of surface roughness was ~135 pm. Furthermore, we observed sharp
biexciton

emission

with

a

linewidth

of

4.9

meV

at

low-temperature

photoluminescence (PL) spectroscopy (T = 5 K) confirming the high-quality
sample. 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 in 2D optoelectronics applications.
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Halfgeleidertechnologie wordt een essentieel onderdeel van het moderne
leven. Sinds de opkomst van de kwantummechanica en de uitvinding van de
transistor, is bijna elk aspect van de moderne samenleving afhankelijk van
halfgeleiderelementen. Het gebruik van halfgeleiders is zo universeel dat
toepassingen variëren van energieopwekking tot in krachtige supercomputers.
Vooral op gebied van opto-elektronica zijn verschillende ontdekkingen en
ontwikkelingen van nieuwe materialen gedaan om efficiënte en schaalbare
apparaten voor de volgende generatie technologieën te verkrijgen. Om die reden is
het studieveld met betrekking tot halfgeleiders continu bezig om de aard van
nieuwe materialen te begrijpen.
2D-materialen zijn belangrijke voorbeelden die uitgebreid zijn bestudeerd
in het afgelopen decennium. De uitvinding van grafeen in 2004 was een
belangrijke doorbraak in materiaalwetenschap. De uitzonderlijke elektronische
mobiliteit en de atomaire dikte zijn de belangrijkste eigenschappen van dit
materiaal. Echter, het ontbreken van een bandkloof is een cruciaal nadeel van
grafeen om de huidige door silicium gedomineerde halfgeleidertechnologie te
vervangen. Dit stimuleert de verkenning van nieuwe gelaagde materialen anders
dan grafeen, om een diversiteit aan bouwstenen te bieden voor apparaat
technologie op basis van 2D-materialen.
Transition metal dichalcogenides (TMD's) zijn de meest veelbelovende
kandidaat om de huidige halfgeleidertechnologie te vervangen. De gelaagde aard,
vergelijkbaar met grafeen, en het bestaan een elektronische bandkloof in bepaalde
verbindingen zoals WS2, WSe2, MoS2 en MoS2 zijn van groot belang van deze 2Dmateriaalgroep. Om nog maar te zwijgen over de supergeleidende (SC) TMD’s die
zijn ontdekt; NbSe2 en TaS2, die meer variatie geven in bouwstenen voor 2Dmaterialen. Met de ontwikkeling van de 2D heterostructuur productiemethode,
wordt de brede toepassing van 2D-materiaal apparaten onderzocht.
Dit proefschrift is gericht op het onderzoeken van opto-elektronische
eigenschappen en elektrisch ladingsvervoer aan het grensvlak van twee
verschillende elektronentoestanden in 2D TMDs. In dit proefschrift worden twee
algemene ideeën uitgevoerd: p- en n-type halfgeleider interfaces, namelijk pnovergang en supergeleidende metaalgrensvlakken. De realisatie van de ideeën is
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gerelateerd aan de verwerking van de elektrische dubbel-laags transistor (EDLTs)
configuratie waarin de hoge ladingsdichtheid (N2D ~ 1014 cm-2) gemakkelijk
toegankelijk is. In hoofdstuk 2 en 3 wordt de ontwikkeling van laterale 2D pnjunctie op basis van TMD-BN kunstmatige heterostructuur besproken waarin de
laterale pn-interface wordt afgestemd door EDLT en conventionele halfgeleider
gating

te

combineren.

In

hoofdstuk

4

wordt

elektrisch

transport

in

supergeleidend-normaal-metaal verbindingen van veld geïnduceerde paar gelaagd
MoS2 supergeleider besproken. Hoofdstuk 5 toont de ontwikkeling van een nieuwe
techniek in 2D heterostructuur fabricage technologie om hoogwaardige 2D
heterostructuur apparaten te maken.
In hoofdstuk 2 demonstreren we de ontwikkeling van een laterale 2D pn
junctie op basis van TMDs-BN kunstmatige heterostructuur. We ontwikkelden
laterale 2D pn-diode en onderzochten de elektrische prestaties van de apparaten
door de elektrostatische gate te moduleren. We maken gebruik van EDLTconfiguratie voor toegang tot een hoge ladingsdrager dichtheid en veranderde de
intrinsieke n-type TMD's in p-type. Uit onze waarnemingen bleek dat de
elektrische prestatie laagdikte-afhankelijk is en een stabiele pn-overgangsgedrag
vertoont in de dunnere lagen met als hoogste rectificatieverhouding 33000. In
dikkere lagen werden de prestaties van het apparaat sterk beïnvloed door een
onbedoelde geleidende onderlaag, waardoor extra kanalen voor een stroom met
reverse-bias mogelijk werden. Verder werd een sterke en goed gedefinieerde
elektroluminescentie (EL) waargenomen in de monolaaginrichting.
Het gebruik van dunnere laag TMD’s is nodig om beter 2D diode
elektrische prestaties te verkrijgen. In hoofdstuk 3 hebben we monolaag TMDs
gebruikt om tot een ultieme apparaat rendement te komen, sinds het
elektronentransport verwacht was opgesloten te zijn in een tweedimensionaal
systeem. Wij beschrijven de fabricage van een 2D zijdelingse pn-junctie op basis
van een CVD gekweekte monolaag WS2 en hebben de apparaat architectuur zoals
in het voorgaande hoofdstuk beschreven geïmplementeerd om een scherpe en
goed gedefinieerde pn-interface te verkrijgen. De confocale microscopie foto van
de elektroluminescentie (EL) bevestigd dat de zijdelingse 2D pn interface scherp
en stabiel is. Bovendien hebben we de elektronische werking van de inrichting
onderzocht, die efficiënte gate varieerbaarheid toont door een combinatie van
ionische vloeistoffen en een high-k diëlektricum. Verder werden optoelektronische prestaties en de correlatie met geïnduceerde ladingsdichtheid
onderzocht. Wij observeerden dat de exciton soorten vanaf de EL-spectra sterk
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afhankelijk zijn van de geïnduceerde ladingsdichtheid ratio tussen de p- en n-type
kant van de p-n overgang.
De

elektronische

transportmeting

van

supergeleidend-normaal

metaalgrensvlak in veld geïnduceerde supergeleidende MoS 2 is een focusdiscussie
van hoofdstuk 4. Met behulp van de EDLT-methode kan de supergeleidende
toestand van MoS2 worden benaderd door het induceren van een hoge
ladingsdichtheid (n2D ~ 1014 cm-2). Om de SC-kloof in de beperkte SC-toestand te
karakteriseren, hebben we het tunneling-spectrum in de normaal-isolerende-SC
(NIS) verbinding gemeten en de quasi-deeltjes pieken als een Andreev-reflectie
waargenomen. Onze experimentele resultaten kunnen goed worden beschreven
door middel van de theorie van Blonder-Tinkham-Klapwijk (BTK), die de grootte
van de SC-kloof opleverde. Onze studie toont de modulatie van de SC-kloof in het
bereik van ∆ = 0,8 tot 1,12 meV als een functie van de ladingsdrager-dichtheid
door de back-gate te moduleren. Daarnaast bestudeerden we de elektron-fononkoppelingsinteractie

in

verschillende

dragers

dichtheden,

wat

de

koppelingstoename in het mediumkoppelingsbereik (λe-ph = 0.6 - 0.9) aangeeft
naarmate n2D toeneemt.
Tot slot, in hoofdstuk 5, demonstreren we de ontwikkeling van de nieuwe
2D heterostructuur fabricagetechnologie, die wordt uitgevoerd in een hoogvacuümomgeving (~ 10-6 mbar) om hoogwaardige heterostructuur apparaten te
realiseren. We

beschrijven gedetailleerd

het

technische

proces

om

2D

heterostructuren in vacuüm te maken, gevolgd door een evaluatie van monster
kwaliteit door middel van AFM en spectroscopie. Het gefabriceerde monster
vertoonde een schone en vlakke oppervlaktekwaliteit aangezien de gemiddelde
waarde van de oppervlakteruwheid ~ 135 pm is. Verder observeerden we scherpe
bi-exciton-emissie met een lijnbreedte van 4,9 meV bij lage temperatuur (T = 5 K)
fotoluminescentie (PL) spectroscopie, welke de hoge kwaliteit van het monster
bevestigen.

Met

de

hoge

vraag

en

snelle

ontwikkeling

van

2D-

materiaaltechnologie zijn wij van mening dat onze poging om nieuwe
fabricagetechnologie te ontwikkelen een belangrijke bijdrage zal zijn in 2D optoelektronische toepassingen.
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