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ABSTRACT

Layered transition metal dichalcogenides are a category of
semiconductor with layer-dependent electronic structures in the two
dimensional limit. The reduced dimension and dielectric screening strongly
enhance the Coulomb interaction, leading to pronounced excitonic effects in
the direct band gap monolayers. However, the atomic thickness has rendered

the thin layers sensitive to extrinsic circumstance, such as substrate and air.

We first investigated the effect of air to the performance of WSe;
transistors and explored the feasibility of efficient P-doping by the adsorption
of ozone. The layer-dependent band structures together with the diversity of
different chalcogenides provide more possibility to create structures with
desirable properties by hetero-stacking. In our work, we took advantage of
type 1l band alignment between MoS; and WSe, and fabricated
heterojunctions showing excellent rectification and solar energy conversion
efficiency. Given the remarkable excitonic effects in monolayers, we further
designed a light emitting WS2/BN/Graphite hetero-structure with high
quantum efficiency, where the injection of carriers are realized by tunneling.
Our results support that two dimensional TMDs are of great potential for

future electronics and optoelectronics.
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1 Introduction to Transition Metal Dichalcogenides

As the feature size of integrated circuits scales down according to
Moore’s law, short channel effects play an increasingly dominant role in
limiting device performance. An effective way to reduce the leakage due to
extremely short gate length is to thin down the channel body accordingly.
Ultrathin body transistor necessitates the fabrication of silicon thin films that
are less than 10nm on a SiO2, which is a great challenge to the present top-
down semiconductor process technologies. The discovery of atomically thin
semiconductors therefore sparked tremendous interest in the electronics

community.

In 2004, the discovery of single monolayer graphene with a thickness
of several angstroms sent shock waves throughout the material community.
Thanks to its linear electronic spectrum E = Avek, charge carriers in monolayer
graphene, the thinnest and strongest material, exhibit zero effective mass and
hence giant intrinsic mobility.> 34 On the other hand, desirable attributes for
logic circuits include not only high conductivity and carrier mobility for high-
speed operation, but also large on-off ratios and low off-current for effective
switching and low stand-by power consumption. Graphene and graphene
nanoribbons lack a sufficiently large band gap, which results in significant off-
state current, limiting its application in digital logic transistors.* Therefore,
there is an incentive to seek two dimensional materials beyond graphene. In
this regards, layered transition metal dichalcogenides (TMDs), particularly

those with a sizable band gap, have received significant interest.



Analogous to graphite, transition metal dichalogenides are a group of
materials with van der Waals layered structure and strong intralayer covalent
bonds. The bulk form of layered TMDs, possessing a variety of electronic and
optical properties, have been extensively studied for decades.”® Recently, the
advances of mechanical exfoliation, chemical vapor deposition, optical
identification and manipulation techniques developed for graphene research
facilitated rapid progress in understanding the physical characteristics of
monolayer TMDs. Despite the structural similarity with graphene,
semiconducting TMDs possess sizable band gap, which is required for
effective switching when used as a channel material of a transistor. Moreover,
as the layer number decreases, quantum effects becomes dominant, giving rise

to layer-dependent properties.

In this chapter, basic properties of group VI TMDs will be briefly
introduced first, followed by deeper reviews on the recent progress of
synthesis, electrical and optical properties of monolayers and heterostructures

and their potential applications.



1.1 Structural, electronic and optical properties of TMDs
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Figure 1.1 (a) Schematics of crystal structure of 2H phase transition metal
dischalcogenides. Atoms in monolayer arrange in the trigonal prismatic
coordination and layers stack in the order of hexagonal symmetry.” 8 (b)
Calculated band structure of MoS> evolving with different thickness. The band
gap changes from indirect in bulk to direct in monolayer.® Reprinted with
permission from ref 9. (c) Photoluminescence spectrum of monolayer and
bilayer MoS2. The PL intensity of monolayer is much higher than that of
bilayer. The inset shows the PL quantum yield as a function of layer number.
(d) Peak frequency of Aig and Exg as a function of layer thickness in MoSz. As
the layer number increases, peak frequency of Aig blue shifts, while that of Exq
red shifts.1°

Transition metal dichalcogenides are a group of materials with
transition metal (M) and chalcogen (X) forming MXz. They often exhibit

several different phases, depending on the growth condition. Here, we will



focus on the 2H phase compounds containing Mo/W and S/Se, since they are
semiconductors and found to be more stable. The layered 2H structure is
characterized by the stacking of the fundamental building block in the order of
hexagonal symmetry via weak van der Waals force. The thinnest limit, namely
monolayer, consists of a hexagonal plane of transition metal atoms,
sandwiched by two hexagonal chalcogen atoms via ionic-covalent bonding in

trigonal prismatic coordination, as depicted in Fig 1.1 (a). ’

The 2H phase transition metal dichalcogenides exhibits layer-
dependent electronic and optical properties. In general, the band gap increase
with the decreasing number of layers due to quantum confinement effects.
First-principle calculation predicts that the band gap of MoS; changes from an
indirect band gap in multilayer to a direct band gap in monolayer, as exhibited
in Fig 1.1(b).* For indirect band gap, the valence band maximum (VBM) and
conduction band minimum (CBM) are located at the I" point and in between I"
and K point in the Brillouin zone, respectively. Both CBM and VBM of
monolayer MoS;, are located at the K point.® According to the projected
density of states, states around the I" point and the CBM can be ascribed to a
linear combination of d orbitals on Mo atoms and antibonding p; orbitals on
sulfur atoms.® These states are strongly affected by interlayer coupling and
quantum confinement. On the other hand, conduction band states at the K
point mainly originates from strongly localized d orbitals on molybdenum
atoms.® Since molybdenum atoms are surrounded by two planes of sulfur,
these states are less likely to be layer dependent. Hence, the band gap at K
point barely changes with layer number. As the number of layers decrease, the

indirect band gap significantly increases due to quantum confinement, while



the direct band gap remains nearly unchanged. At the limit of monolayer, the
indirect band gap surpass the direct band gap (Eingi>Eui), leading to an indirect-
direct-gap crossover. Such indirect-direct-gap crossover also occurs other

group VI TMDs such as WS,, WSe, and MoSe,!% 131415

Photoluminescence is a versatile technique to probe the intrinsic
electronic properties of a material. Optically excited electron-hole pairs relax
through interband recombination process. For indirect transition in TMDs,
phonons are needed to compensate the momentum difference of the electrons
and the holes and satisfy momentum conservation. Since phonon-mediated
emission is a second order process, the QY of the process is typically very
low.® Therefore, a direct band gap semiconductor is desirable for light
emitting devices. It is experimentally shown that the quantum vyield of
photoluminescence increases by a factor of 104, when bulk MoS,, an indirect
band gap semiconductor is thinned down to a monolayer, as shown in Fig
1.1(c).* Similar enhancement of photoluminescence has also been observed in
WS, and WSe2.!* The direct band gap of monolayer TMDs makes them
attractive for a variety of optoelectronic applications, where the ultrathin body

of the active area offers advantages over conventional direct gap materials.

It has been found that vibration modes are also sensitive to the
number of layers. In MoS, the frequency of two dominant Raman modes, out-
of-plane Aig and in-plane Ezg, vary with the thickness of the flake. In principle,
both E>g and Axg are expected to blue-shift since the interlayer van der Waals
interaction enhance the effective restoring forces acting on the atoms as the
number of layer increases. However, experimental investigation revealed that

in-plane Ezq mode unexpectedly blue-shift with decreasing thickness.'® This



anomalous trend was then clarified by first principle calculations which shows
that the absence of adjacent layers enhances surface force constants for Mo-S
intra-layer interactions in thin flakes of Mo0S2.1” As a result, the competition
between interlayer and intra-layer interaction determines the vibration
dynamics of MoS; and other layered materials. These layer-dependent lattice
dynamics of TMDs in return offer a convenient fingerprint for identifying the

number of layer.



1.2 Synthesis and growth of TMDs crystals and layers

MoS;, the only TMD existing in nature as molybdenite, exhibits a
range of unique and attractive electronic properties. Therefore, controllable
synthesis of large and high-quality TMDs, including MoS., in the form of both
single crystal and thin layers is crucial for the implementation of advanced

devices.

It is commonly accepted that chemical vapor transport (CVT) allows
for the synthesis of high quality crystalline solids'®. During the process, solid
precursors are volatilized and transferred with the assistance of the transport
agent and deposited in the lower temperature zone in the form of single crystal,
as depicted in Figure 1.2. CVT has been widely used to grow bulk TMDs with

desired chemical compositions.
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Figure 1.2 (a) Schematic depiction of the experimental setup of chemical
vapor transport method. Transport agents evaporate at the high temperature
end (T2) and carry the precursors to the low temperature end (T1). (b) Single
crystal of molybdenum disulfide (MoSz) - Large 15x20mm, grown by “2D
Semiconductors”.

Mechanical exfoliation of bulk crystal has commonly been recognized
as an effective method to produce high quality atomically thin TMDs. The

process involves repeated peeling with an adhesive tape. The samples are ideal



for studying fundamental properties of the material. Nevertheless, this top-
down approach is not suitable for large-scale and uniform production of thin
layers. On the other hand, bottom-up chemical vapor deposition (CVD) and

MBE offer a versatile route to achieving wafer-scale TMDs.*°

There have been attempts to synthesize wafer-scale thin TMDs by
simple sulfurization or selenization of Mo/W metal or their oxides?® 2 2
Despite its simplicity, the as-prepared TMDs are mostly polycrystalline with

small grain sizes, which inhibits fabrication of high-performance devices.

insulating metallic

{

Figure 1.3 (a) Optical image of a CVD-grown triangular monolayer MoS;
flake grown by using ultra clean substrate and fresh precursors. The triangle is
120um in length from tip to tip.2 (b) color plot of sheet conductance as a
function of gate voltage and temperature, indicating transition from insulating
phase to metallic phase at high gate voltage.?* (c) electron mobility as a
function of gate voltage at different temperatures.?* Reprinted with permission
from ref 24.

Chemical vapor deposition (CVD), based on vapor phase reaction of
MoOs and S powders, allows growth of MoS, monolayers with large grain
sizes (1~100um) on arbitrary substrates via the proper control of nucleation
density. There has been many efforts in growing MoS2,2> 26 WS,2" 28 MoSe,?

and WSe2®> 3 through CVD. Van der Zande?® showed that large single



crystalline MoS, monolayer up to 120um in lateral size could be produced by
using ultra-clean substrates and minimizing the exposure of fresh precursors to

air, as shown in Figure 1.3(a).

In our recent work,?* our research group succeeded in growing large
triangles of MoS; and found that the electronic transport properties of CVD-
grown MoS> could be comparable to that of as-exfoliated samples. Electron
mobilities at low temperature reaches up to 500 cm?V-s, and the devices
exhibit band transport at high doping regime, as shown in Figure 1.3(b) and
(c). Besides CVD, direct evaporation of MoS, powder has also been reported
to be effective in the growing of high-quality trigonal monolayer MoS; on a

variety of standard insulating substrates.®2



1.3 Electrical transport properties

Conventional 2D electron gas (2DEG) forms at the interface between
bulk semiconductors, whereas 2D materials offers a natural dwelling for 2D
electron gas. There have been extensive investigations on the two dimensional
electronic transport properties of monolayer and few-layer TMDs on an

insulating surface.

According to quantum transport simulation, 3 an ideal monolayer
MoS; transistor is predicted to exhibit on-off ratio up to 10'°, outstanding
short channel behavior (drain induced barrier lowering ~ 10mV/V) and
efficient switching (subthreshold swing ~ 60mV/decade) . Recent
demonstration of integrated circuits based on monolayer®* and bilayer®® MoS;
and high-gain inverter based on WSe;* highlight that they are competent

candidates for next generation electronics.

On the other hand, carrier mobility of TMDs at room temperature, a
key figure of merit for field effect transistors, is greatly limited by electron-
phonon interaction at room temperature. According to first principle
calculations,®” phonon scattering limits the room temperature mobility of
monolayer MoS; to ~ 410 cm?V1S?, whilst at low temperatures the mobility
increases with decreasing temperature following p = T-2%°, Besides electron-
phonon interaction, Coulomb scattering by charged impurities, defects and
roughness also has strong impact on the carrier mobility particularly especially

for monolayer materials.

S. Kim et al® introduced the semi-classical Boltzmann transport

equation under the relaxation time approximation to estimate the T-
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dependence of electron mobility of few-layer MoS», as shown in Figure 1.4(a).
Fitting analysis reveals that the mobility is dominated by charged impurity
scattering at low temperatures, while phonon scattering dominates at high

temperature and limits the carrier mobility.
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Figure 1.4 (a) Temperature-dependent mobility in multilayer MoS,. Four
carrier scattering have been considered: homopolar phonon scattering, polar
optical phonon scattering, charged impurities scattering and transverse and
longitudinal acoustic phonon scattering.®® (b) Monolayer MoS; transistor
covered with ALD-deposited HfO, and top gate. Room temperature back gate
sweep at a fixed bias (Vgs=10mV and top gate electrode is disconnected).

While the general trends of temperature-dependent carrier mobility is
understood, experiments show that device mobility still falls far short of
theoretical predications. It is reported that a high-K dielectric interfaced with
a 2D semiconductors dampens the out-of-plane phonon vibrations of MX; and
therefore improves phonon-limited mobility.*® Also, high-K dielectric is both
theoretically and experimentally found to be able to suppress Coulomb
scattering induced by charged impurities. 3% 40 A field effect mobility of

around 200 cm?V-1s? was obtained in dual-gated transistor with high-K top
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gate, which is much higher than the values measured for devices having
ordinary dielectric materials 3> 4!, Large mobilities were also measured in
dual-gated monolayer WSe.*?> However, the experimentally measured field
effect mobility at present is still far below phonon scattering limited value.
This suggests that defects and impurities severely limit carrier transport in 2D

systems.

One way to circumvent the effects of impurities and band edge disorder
is high carrier density doping. We showed that MoS: is intrinsically N-doped
in Figure 1.3. The devices exhibits high electron mobility at low temperature
and a signature of insulator-metal crossover when sufficient amount of carriers
are injected electrostatically and sources of hole-dopant are driven away by

annealing?.
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Figure 1.5 (a) temperature dependence of electron mobility in BN
encapsulated MoS. with layer number from 1L to 6L. The inset is a 3D
drawing of the as-prepared device. (b) Calculated mobility as a function of
presumed carrier density with a decent model considering impurities and
short-range scattering centers at the interface. The filled circles are
experimentally collected data.*®

12



Recently, Cui et al succeeded in further improving mobility by
encapsulating MoS: with atomically flat hexagonal boron nitride layers hBN,
as shown in Figure 1.5.* The large enhancement implies that degrading
effects introduced by SiO2 substrate can be nullified by the hBN layers.
Meanwhile, carrier density and temperature scaling behavior shown in Figure
1.5(b) reveals that interfacial impurities and short range scatterers are
responsible for the large difference in mobility between monolayer and
multilayer samples. S. Xu et al, demonstrated that electron and hole mobilities

of WSe; can also be improved with the same approach.**

The insight into scattering mechanism not only sheds clear light upon
inherent electronic properties of TMDs, but also highlights ways by which

mobilities can be further improved.
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1.4 Luminescence in monolayer TMDs

To understand light emission from 2D materials, it is necessary to have
an insight into excitonic effects that dominate the optical properties of these
materials. The excitons are strongly bound and exhibit Bohr radius that is
nearly equal to its thickness.*® An exciton is an electrically neutral quasi-
particle composed of an electron-hole pair bonded by electrostatic Coulomb
force. In the 2D materials, Coulomb interaction is dramatically enhanced due
to the spatial quantum confinement of charge carriers. Further, reduced
dielectric screening and large effective mass in a monolayer also enhance
Coulomb interaction, resulting in large exciton binding energies ranging from
0.32 to 0.7eV, which is one order of magnitude higher than those of
conventional group 111-V compounds. ¢ Pronounced excitonic effects in
monolayers can be experimentally observed at room temperature because the

exciton binding energy is significantly larger than the thermal fluctuations.

Salehzadeh et al. reported that strong Coulomb interactions in
monolayers leads to enhanced non-radiative and radiative recombination rates
that are nearly 6 and 3 orders higher than those of bulk semiconductors,
respectively.*’ Figure 1.6 (a) illustrate the relative EQE and IQE of A excitons
in 1L MoS: as a function of generation rate (G) at different temperatures. In
general, there are two dominating non-radiative recombination, namely
Shockley-Read-Hall (SRH) recombination and Auger recombination. It is
claimed that the saturation of SRH recombination gives rise to an increase of
quantum efficiency at lower carrier injection, while the efficiency droop at
higher generation rate reflects the enhanced indirect Auger recombination,

which is considered as the main limiting factor in GaN LEDs. This suggests
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that better quantum efficiency could be realized at extremely low carrier
injection. Recently, Ali Javey’s group showed that an appropriate chemical
treatment could eliminate defect-mediated non-radiative recombination and

lead to a near unity quantum yield at low generation rate.*®
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Figure 1.6 (a) Relative external quantum efficiency and internal quantum
efficiency in monolayer MoS; as a function of generation rate under different
temperatures. Reprinted with permission from ref 47. (b) temperature-
dependent PL spectra of monolayer WSez. (c) Comparison of normalized PL
intensity in 1L MoS; and WSe as a function of temperature.

In addition, Figure 1.6 (a) shows that the PL intensity of monolayer
MoS; increases steadily with temperature, which is believed to result from
exciton dissociation. However, the temperature dependence seems to be
inconsistent in other TMD monolayers. For instance, Figure 1.6(b) shows an
opposite trend in monolayer WSe, as interpreted from the negative T-
dependent PL intensity.*® It is explained that the existence of optically dark

ground excitonic states results in lower PL QY at low temperature.

Besides the generation rate and temperature dependence, the gate
dependence of PL spectrum in monolayer MoX: also offers rich information
on the electronic properties of the material. As shown in Figure 1.7 (a),*® The
changes in PL intensity of monolayer MoS; as a function of gate voltage
reflects that carrier density strongly influences the quantum yield. In addition,

A emission peak emerges at lower energy when electron density is increased.
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The new peak is ascribed to the radiative recombination of negative trions,

labelled as A".

Figure 1.7(b) presents the generation of a negative (positive) trion.
When a neutral exciton binds with an extra electron (hole), it forms a charged
quasiparticle labelled as a trion.* Similar to neutral exciton, the trion has a
ground singlet state and a triplet state, but with spin equal to 1/2 and 3/2. The
intriguing half integer spin value opens the door to new phenomena. In
conventional semiconductors, it is difficult to observe trions, because of their
small binding energy. However, the trions of TMDs are stable even at room
temperature due to enhanced Coulomb interaction and its large effective mass

in monolayer.

In the case of MoSy, at low carrier densities (Vgs = -70V), neutral
excitons dominate the PL spectrum. An increase of electron density facilitates
the exchange of exciton into trion. Therefore, as the gate voltage increases, the
PL spectra gradually evolves from exciton-dominant strong emission to trion-
dominant weak emission. In principle, the total intensity should be conversed.
However, the trion emission is much weaker than exciton emission and
demonstrates no clear increase with electron density. This might be ascribed to
the thermal dissociation of trion at room temperature, since thermal energy at
300K is 26meV, a little bit higher than the trion binding energy of monolayer
MoS,. To conclude, it is possible to tune the ratio of neutral and charged

excitons via electrostatic gating.
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Figure 1.7 (a) Photoluminescence spectrum at room temperature with back
gate varying form -70V to 80V. (b) The formation of a negative (positive)
trion when neutral exciton binds an extra electron (hole). (c) Gate dependent
photoluminescence in monolayer MoSe; at 30K. (d) Emission intensity of
neutral exciton and trion at various gate voltages.

Ross et al®! have also experimentally investigated the charging effects
of exciton in monolayer molybdenum disulfide at low temperature via
photoluminescence. The reversible tunability of charging was achieved by
electrostatic gating in a back-gated MoSe; transistor. Gate dependence
photoluminescence of monolayer MoSe; at 30K is illustrated in Figure 1.7(c).
As can be seen, emission peaks of neutral excitons and impurity bound

excitons appear at zero gate, indicating electrical neutrality. When a gate
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voltage with either sign is applied, the strong emission of both neutral exciton
and impurity-bound excitons are quenched and a trion emission peak emerges.
The intensity of exciton and trion emission is summarized as a function of gate
voltage in Figure 1.7 (d). In contrast to the case of MoS; at room temperature,
the total emission intensity is nearly conserved at all gate voltages. As the gate
voltage controls the distribution of carriers in MoSe», the accumulation of
electrons (holes) facilitate the binding of electrons (holes) to neutral exciton
and form negative (positive) exciton, while total amount of emission does not
change with gate. The investigation on gate-dependent PL reveals the
dynamics of many-body particles and provides useful guide to the electronic

properties of the.
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1.5 Heterostructure and their applications

Operation mechanism of semiconductor devices typically rely on
effects that occur at interfaces and junctions. For instance, a p-n junction is a
fundamental building block for diodes and photovoltaic cells. These devices
rely on the built-in electrical field at the junction. The conventional
semiconductor technology offers two common approaches to the creation of
an interface with large built-in field: making homo-junction with separate N-
type and P-type region by sequential doping or building heterostructure with
desirable band structure. However, the former approach is not viable for 2D
TMD materials. It is difficult to achieve adequate and stable doping without
harming the intrinsic properties. Presently, techniques to substitutionally dope
MX2 with spatial control is lacking. This makes fabrication of conventional
PN junction using existing approach challenging. On the other hand,
atomically flat van der Waals surface of 2D materials allows fabrication of
heterojunctions significantly more versatile. This is because 2D materials form
electronically coupled junctions without lattice matching requirements. The
large family of layered TMDs offers numerous choices of materials to realize

desired electronic heterojunctions.

Tsai et al®®> have made use of p-doped silicon to form a PN junction
with N-type monolayer MoS». The authors utilized ultraviolet photoemission
spectroscopy (UPS) to investigate the work function and energy difference of
P-Si and monolayer MoS;. The corresponding band diagram is shown in the
inset of Figure 1.8(a). As can be seen, monolayer MoS, formed a staggered
type 1l gap with P-Si. The J-V curve is shown in Figure 1.8(a) with an open

circuit voltage above 0.4V, giving a power conservation efficiency of 5.23%.
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Further, it is found that insertion of a thin buffer layer between Si and MoS:
could improve the open-circuit voltage and thus power conversion
efficiency.>® The authors speculate that the insulating SiO2 layer inhibits
carrier recombination at the interface and at the same time effectively enhance

the built-in field.
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Figure 1.8 (a) J-V characteristic curve of MoS2/P-Si hetero-structure under
illumination. The inset shows the band alignment between monolayer MoS:
and P-Si based on UPS analysis.>? With a proper light shining on the device,
photo-generated holes in MoS; would shift to lower energy band in P-Si.
Likewise, electrons in P-Si would flow to the conduction band of MoS,, which
builds a potential across the interface. Reprinted with permission from ref 52.
(b) J-V characteristic curve of solar cell with and without a SiO> buffer layer
under illumination of 15mW cm2.the inset plots out a simple band diagram of
MoS2/SiO2/p-Si.

Below, heterojunctions formed by 2D TMDs are discussed. The huge
family of layered materials allows for large flexibility of band engineering for
building functional heterojunctions. Figure 1.9 (a) presents the calculated band
structure of monolayer TMDs.>* Hetero-stacking of materials with special
band alignment could give birth to new functionalities. As it is commonly
noted that a heterojunction with a straddling gap (type | band alignment) is
advantageous for applications of light down conversion and the material with

narrower gap is used as the emission layer. On the other hand, the photovoltaic
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effect is expected across a staggered gap (type 11 band alignment). Considering
the band alignment in the given diagram, the combination of MoS; and WSe>
is suitable for photovoltaic cell due to type Il band alignment, while the type I
heterojunction may be formed by MoTe, and WSe,. Here, we discuss recent

reports on the type Il heterojunction based on MoSz, WS, MoSe; and WSe;.

Band alignment between different MX2 upon physical contact has been
investigated by several groups. Energy levels of monolayer WSe, and MoS;
on HOPG has been studied by a combination of STS and UPS/XPS. The
relative positions of bands are shown in Figure 1.9(b). The valence band offset
between MoS, and WSe; is found to be around 0.83eV. Given the
measurements of bandgaps of MoS> and WSe;, the conduction band offset is
calculated to be around 0.76eV. These values are in close accordance with the

theoretical values.

Optical image of a typical MoS2-WS; heterostructure is shown in
Figure 1.9(c). This heterostructure was prepared by transferring CVD-grown
monolayer WS; on top of CVD-grown monolayer MoSo. It is evident from the
image that the two layers conform to each other without forming structure

disorders that are visible at optical wavelength.

As introduced previously, band structure and optical properties of
bilayer MoS: in which two monolayers are stacked in the hexagonal symmetry,
is quite different with those of monolayer, since the energy states near the
conduction band minimum strongly relies on interlayer coupling and quantum
confinement.® While weaker interlayer coupling is expected for a hetero-
bilayer consisting of two dissimilar 2D layers, it is important to investigate the
subtle modification of electronic structure when stacking monolayer MoS; and
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WS; together. In the following, we will introduce recent reports on the optical

and electrical properties of type Il heterojunctions.
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Figure 1.9 (a) Theoretical calculated band diagrams of monolayer TMDs.
Solid lines are obtained by PBE, and dashed lines are obtained by HSE06.>* (b)
Band diagram of monolayer MoS; and WSe, on HOPG determined by STS.
The valence band offset is determined to be 0.83eV.%® (c) optical images of a
large area MoS,-WS; hetero-structure, prepared by PDMS-based wet transfer
of CVD-grown WS, and MoS;. The scale bar is 10um.>® Reprinted with
permission from ref 56. (d) i Schematic illustration of charge transfer between
MoS; and WS, and Photoluminescence quench in the heterostructure. When
the A-exciton of MoS; is optically excited, the holes in MoS would transfer to
WS, due to the valence band offset. ii transient absorption spectra for MoS;-
WS, heterostructure and isolated MoS» at 77K as a function of pump-probe
delay time. Positive value means pump induced decrease of absorption. iii
transient absorption spectra at a delay time of 1ps and 20ps for M0S;-WS;
heterostructure and isolated MoS;. iv linear absorption of MoS, and WS;
respectively.®” (e) Photoluminescence of WS,-MoS; heterostructure in
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response to thermal annealing. Both emission peak and emission intensity
evolves with annealing duration.>® Reprinted with permission from ref 56. (f)
Atomistic illustration of MoS2/NL-hBN/WSe; heterostructure. The interlayer
transition between MoS, and WSe, changes with the layer number of
intercalated hBN.%®

In a type Il heterojunction, the VBM and CBM reside in two separate
layers. When the heterostructure is optically excited, photo-generated
electrons will relax to the layer with the lower CBM, whilst photo-generated
holes will relax to the VBM of the other layer, as shown in Figure 1.9(d) i.
However, it is unclear how the large binding energy of interlayer excitons
influence this charge transfer process, since the band offset is typically smaller

than the exciton binding energy, which is of the order of ~ 300meV.

Hong et al studied the dynamics of ultrafast charge transfer in
atomically thin MoS2-WS; heterostructure using combined PL mapping and
femtosecond pump-probe spectroscopy.®” PL spectra of isolated MoSz, WS,
and their heterostructure are shown in Figure 1.9(d) i. As can be seen, the
emission of both A-exciton in MoSz and A-exciton in WS, becomes weaker in
the heterostructure. This result is in accordance with the prediction of type Il
band alignment, because in type | heterojunction, PL of the narrower gap
material is enhanced, whilst PL of the wider gap material is quenched. Further,
ultrafast interlayer transfer dynamics of carriers in the staggered gap is
confirmed by Pump-probe spectroscopy. As depicted in the transient
absorption spectra Figure 1.9 (d) ii and iii, when only A-exciton of MoS; is
excited, a large resonance feature is observed, which is ascribed to the A-
exciton of WS, according to the linear spectra. Given that WS> has a larger

optical gap than MoS,, the strong transient absorption signal from WS>
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unambiguously implies modification of exciton transition in WS; by optical
excitation of MoS;. These results indicate that upon excitation, holes
generated in MoS; quickly transfer to the VBM of WS; in time scales less that
100fs, resulting PL quenching in MoS,. Similar phenomena have been
observed in other hetero-structures such as MoS,-MoSe; heterostructures.®
The observation of ultrafast charge separation in TMDs-based heterojunction

offers positive prospects for solar energy conservation.

In addition to the charge transfer phenomenon, S. Tongay et al
*reported their findings on the strong interlayer coupling in MoS,-WS; layer
via PL spectroscopy. In a freshly prepared heterostructure, the PL spectrum
shows characteristic peaks of MoS, and WS, monolayers. The authors find
that the emission spectrum evolves with thermal annealing. Figure 1.9(e)
shows the evolution of PL spectrum with the duration of annealing. Most
importantly, a new peak appears at 1.75eV, which is lower than A exciton
energy of both MoS, and WS, and gradually shift to 1.5eV with longer
annealing. The emergence of this new peak could be attributed to interlayer
interband transition across the staggered gap. Additionally, the gap between
MoS; and transferred WS> also drops with annealing, from 1.6nm initially to
0.8nm. Note that 0.8nm is the typical interlayer separation in a multilayer. The
reduced physical gap space implies enhanced interlayer coupling. As we
discussed above, the CBM in MoS; is sensitive to interlayer coupling and
quantum confinement. As vacuum annealing enhances interlayer coupling, the
CBM in MoS: shifts from the K point, such that an indirect band gap is
formed between the conduction band minimum in MoS; and valence band

maximum in WS,.
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As the interlayer separation has a large impact on interlayer coupling,
the band structure of heterostructure and its optical properties could be
controlled by an insulating dielectric material in between the two layers. H.
Fang et al®® reported tunable interlayer coupling in van der Waals hetero-
structures by inserting thin layers of hBN between WSe, and MoS;. Figure 1.9
(F) shows the PL spectra dependent on the number of hBN layers. When there
is no hBN layers, the interlayer transition peak dominates the PL spectrum and
emission from intralayer excitons in both MoS, and WS is negligible due to
ultrafast charge transfer. The intercalation of hBN increases the gap distance
and reduce interlayer coupling, so that the indirect interlayer emission is
quenched and intralayer exciton emission becomes dominant. Interestingly,
the interlayer emission persists up to three layers of hBN, suggesting that
interlayer Coulomb forces are non-negligible at such separations. The
tunability of interlayer coupling by insertion of dielectric layer represents
unique approaches to controlling electronic properties of van der Waal

heterostructure.

Now we review the recent reports investigating the electronic
properties of van der Waals heterojunctions. Electrical performance of hetero-
epitaxial bulk TMDs diodes have been studies decades ago. Early studies
investigated PN diodes consisting of N-type MoSe, and P-type WSe, and
good rectification behavior were observed.® Recently, Lee et al®® reported gate
tunable rectification behaviors and photovoltaic effects from an atomically
thin PN junction made of monolayer MoS, and WSe, (Figure 1.10(a)). Figure

1.10(b) shows the band structure of the hetero-bilayer.
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Upon contact, the system equilibrate by redistributing the carriers,
driving electrons and holes and modifying the band offset. Therefore,
electrons and holes are separated and confined in MoS, and WSe> as the
majority carriers, respectively. Figure 1.10(c) shows the photo response under
532nm laser excitation. The authors find that much stronger response occurs at
the hetero-bilayer compared to the individual monolayer region, which
supports that the type Il band alignment facilitates fast charge separation

across the junction, leading to photovoltaic effect.

The IV curves at various gate voltages are shown in Figure 1.10(d). In
comparison with the transfer characteristics of individual monolayer given in
the inset, finite current is observed only when the two layers are in the “on-
state”. Since 2D layers are too thin to support depletion, when the diode is
positive biased, most of the voltage drops across the van der Waals gap. The
results suggests the current under positive voltage i.e. forward bias is ascribed
to the recombination of majority carriers, namely electrons in MoSz and holes
in WSe,. Two possible recombination mechanisms are proposed: Shockley-
Read-Hall recombination by inelastic tunneling of majority carriers into trap
states in the gap and Langevin recombination by Coulomb interaction. Higher
bias raises the interlayer recombination rate and therefore results in diode-like

behavior.

As the stacking is random, the momentum mismatch between MoS;
and WS, leads to long recombination lifetime, which is favorable for solar
energy conversion. The J-V curves under illumination is plotted as a function

of gate voltage in Figure 1.10(e). The gate dependence of both Jsc and Vo is
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reported to be associated with the change of carrier density. Similar findings

have also been reported by Furchi et al %!
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Figure 1.10 (a) Optical image of 1L MoS./WSe: device with source drain
contact. (b) Energy band profile in the lateral direction from electrostatic
simulation. MoS; and WSe> forms a staggered gap. Electrons and holes are
separated by the large band offset. (c) Photocurrent mapping under 532nm
laser excitation on the same device as (a). The overlapping junction area
shows the highest photo response. (d) IV characteristics as a function of gate
voltage. The inset shows the transfer curves of isolated MoS, and WS, FET

plotted in the same frame. (e) J-V characteristic curve under illumination as a
function of gate voltage.

Electroluminescence, which is a reverse process of photovoltaic effect,

has also been observed in van der Waals heterostructures. However, the

27



current of the monolayer MoS,-WSe; hetero-structure is often limited by the
small carrier density of individual layers. Cheng et al® took advantage of
mechanically exfoliated multilayer MoS> with high electron density to form a
LED with synthetic P-type monolayer WSe; (Figure 1.11(a)). Here, the
multilayer plays the role of electron sources and monolayer WSe> act as the
emission layer and provides holes for the formation of excitons. A sufficient
positive bias breaks the balance between drift current and diffusion current
and forces electrons to diffuse into WSe, and radiatively recombine with the
majority holes and emit light, as illustrated in Figure 1.11(b). The EL emission
spectra are shown in Figure 1.11(c). As can be seen, the EL spectra reflects
emission from A, A’ and B’ excitons of WSe> as expected and the intensity
increase linearly with current. More specific discussions on light emitting

device will be covered in the section 1.6.
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Figure 1.11 (a) Optical image of PN diode consisting of N-type multilayer
MoS; and P-type monolayer WSe». (b) False color of electroluminescence
image from the same device as (a). The emission is localized at the
overlapping area close to the electrode. (c) Spectra of electroluminescence as a
function of current.®? Reprinted with permission from ref 62.
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Despite the intrinsic type Il band alignment between MoS and WSey,
Roy et al ®® reported the possibility of band alignment modulation by bias and
electrostatic doping. In conventional heterostructures, strong covalent bonding
maintains the band continuity at the interface regardless of the doping level,
unless a dielectric buffer layer is inserted. However, in atomically
heterostructures, most of the voltage drop across the van der Waal gap. This

gap, as an insulating buffer layer, allows for band shifting under bias.

In another work, a dual-gated MoS2-WSe; tunnel diode (Figure 1.12(a))
was fabricated to study electrically tunable band alignment. Here both
multilayer MoS; and WSe> were heavily doped independently with bottom
and top gate, respectively.%® This allows crossover from type 1l to type IlI
band alignment. In the type Il band alignment regime, the diode exhibits
negative differential resistance (NDR) similar to an Esaki diode (Figure
1.12(b)). As can be seen in Figure 1.12(c), the NDR peak arises due to band-
to-band tunneling, when the VBM of WSe; aligns with the CBM of MoS..
With further increase of the diode bias, the band gap is changed to type Il
alignment. The NDR peak shifts with gate bias, indicating that the relative

band alignment is systematically modified.
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Figure 1.12 (a) Schematic of the dual-gated tunnel diode. (b) NDR at a fixed
Vgate-Mos2 and varying Vgate-wse2. (C) Band alignment at the NDR peak and
valley. Reprinted with permission from ref 63.

Semiconducting 2D TMDs can be integrated together with metallic and
insulating 2D materials to realize fully flexible 2D integrated electronic and
optoelectronic devices. To this, graphene/graphite is suitable as electrode
material whereas hBN is an excellent gate dielectric material due to its large
breakdown voltage. Combination of these materials could produce a wide
range of devices. Roy et al** demonstrated fabrication of TMDs-based
transistors and diodes using graphene and hBN as the electrode and a
dielectric layer, respectively. These devices were found to exhibit mobility and
on-off ratios, comparable to those of conventional devices. Furthermore, Lee
et al demonstrated to fabricate MoS; transistors with graphene electrode and

hBN gate dielectric on flexible and transparent polymer substrate. %
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Figure 1.13 Transistor (a) and PN diode (b) made up of all two dimensional
layered materials.®
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1.6 Light emitting devices

Efficient electrically driven excitonic luminescence is key to develop
electro-optic devices based on TMDs. Electroluminescence in monolayer
MoS; was first reported in a metal-semiconductor junction consisting of 1L
MoS; and Au.%® It is demonstrated that Schottky junction can generate large
local electric field. Therefore, carriers can gain sufficient energy and trigger
impact excitation above a certain threshold energy.®” Here, near the MoS,-Au
interface forms a strong band bending, which accelerates electrons injected
under high bias and leads to production of electron-hole pair via impact
ionization. The authors observed light emission near the contact at a large bias
of 15V as shown in the inset of Figure 1.14(a). Figure 1.14(a) shows the
absorption, PL and EL spectra. The emission peak of EL coincides with the
PL of A exciton emission of PL, indicating that A exciton is generated due to
impact ionization. The small shift, around 10nm, between absorption and EL
could be attributed to inhomogeneous dielectric environment. However, the
external quantum efficiency (EQE) of this Schottky diode is low ~10°, most
likely due to the high threshold thermal energy for the production of excitons.
It is commonly noted that quantum efficiency could be enhanced in a PN
diode. In an effort to improve the EL EQE, heterojunction devices based on

2D TMDs have been tested by several research groups.
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Figure 1.14 (a) absorption, EL and PL spectra from the same 1L MoS; device
in one X axis. The inset indicates the false color image of electroluminescence
in the Schottky diode around the junction area. ® Reprinted with permission
from ref 66. (b) EL spectrum acquired under a forward bias of 15V and a
current of 1.8uA. Three emission peaks (A exciton, B exciton and A" trion) are
labelled by a multiple peak Lorentzian fitting. The insets present the false
color image of EL and band alignment under positive bias.®

One of the main challenges in realizing monolayer MoS;, based PN
junction is the injection of holes. As MoS; is intrinsically N-type conduction
behavior, it is challenging to realize P-type conduction by electrostatic doping
due to the large band gap, while efficient substitutional doping of MoS:
modifies its electronic structures. An alternate approach is to achieve hole
injection from a P-doped material in a heterojunction. Kis’ group reported
fabrication of light emitting diode by transferring a monolayer MoS; on a P-
doped silicon wafer. When a positive bias is applied, electrons and holes
diffuse under the concentration gradient. Once a hole from P-Si transports
through the hetero-interface, it recombines with an electron in MoSg, yielding
a photon at a certain probability (Figure 1.14(b)). The spectrum of EL under a
forward bias of 15V is plotted in Figure 1.14(b). By multiple peak Lorentzian
fitting, three emission peak are identified, corresponding to A exciton, B
exciton and A" trion. The emergence of B exciton implies the injection of hot

carriers under high bias. In contrast to the case of Schottky diode, the entire
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junction area is luminescent. On the other hand, recombination is also
expected to occur in P-Si. Because interband transition in Si involves a
phonon to satisfy conservation of momentum, non-radiative recombination
dominates in silicon, yielding no significant luminescence. According to the I-
V characteristics of heterojunction, the ratio of electron and hole current is
proportional to exp(AEg/ksT), where AEq is the band gap difference, ks is
Boltzmann constant and T is temperature. Consequently, in the MoS2-Si
heterojunction, electron current far surpasses hole current. Thus, the majority
of current fails to contribute to the luminescence. An alternative approach is to
replace Si with a material with similar Es as MoS; such that AEgis small and
the e-h current is balanced. In order to improve EQE, it is also important to

avoid indirect SRH recombination, which is a non-radiative transition.

Except monolayer MoS,, monolayer WS,% and WSe," transistors
demonstrate adjustable ambipolar behavior by ionic liquid or ultrathin
dielectric gating. The feasibility of both N-type and P-type conduction by
electrostatic doping offers another route to achieving light emitting devices
from TMDs. Figure 1.15(a) illustrates an example of achieving light emission
using ionic liquid gating.”* lonic liquid is well known for its extremely large
capacitance induced by the electrical double layer. When the gate voltage
satisfies: (1) Vo>V (2) [Vgs]>|Van|, P- and N- doped regions are formed
along the channel. Once V>0, holes (electrons) diffuse in the direction
(opposite to) the electric field and recombine in the junction center region.
Figure 1.15(b) and (c) presents the image of EL and EL spectrum together
with PL, respectively. The emission peak of EL matches well with the PL

peak, indicating electrically driven excitonic emission from the direct band
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gap. As the size of doping area can be adjusted by the gate voltage, this

approach allows emission spot to be controllable by bias conditions.
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Figure 1.15 (a) schematic of electroluminescence in bipolar WS; transistor. (b)
Optical image of WS> device under a bias of 2.9V (V¢=0.1V). The red dot
indicates strong light emission. (c) Comparison of normalized EL and PL
spectra of WS, transistor.”* (d) Schematic of electroluminescence in local
gated WSe2 PN junction. (e) Optical image, (f) PL mapping and (g) PL peak
energy mapping of the local gated WSe> junction. (h) Comparison of
normalized EL and PL of WSe, PN junction. (i) Optical image of light
emission, superimposed on the image of the device.

Besides ionic liquid, thin flakes of hBN has also been used as local gate,
as shown in Figure 1.15(d). Distinct from ionic liquid gating, the N-zone and
P-zone are separately controlled by two independent local gates. Figure 1.15(f)
and (g) show the image of PL mapping and PL peak energy mapping. The X
and X* emission areas demonstrate the efficient N-doping and P-doping by the
two gates. Similar to ionic liquid gating, the radiative recombination take

place at the undoped region between the two gates, as shown in Figure 1.15(i).
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It is important to know that in a homo-junction, electrons and holes contribute
to the formation of excitons to the fullest, leading to high EQE. This is
supported by very low turn-on current of around 200pA.”> Ambipolar
transistors has turned out to be an effective approach to efficient
electroluminescence. However, these EL devices are not ideal for lighting

application because the emission area is limited.

In order to achieve planar emission, 2D semiconductor layer needs to
be integrated into a vertical structure where electrons and holes are injected
into the emission layer uniformly. However, the lack of effective doping
strategies, absence of suitable electron transport and hole transport layers and
integration challenges add to the difficulties of realizing such vertical

integrated devices.

Withers et al came up with an intelligent architecture of quantum well
built entirely with layered materials, as shown in Figure 1.16(a).” In this
structure, monolayer TMD is sandwiched by hBN layers and graphene layers
are used as carrier injection layers. The entire device is encapsulated by hBN
layers at both side. Figure 1.16(c) illustrates the band alignment of the two-
terminal quantum well device under bias. When a bias is applied across the
quantum well, it not only modifies the carrier distribution in graphene, but also
facilitates the tunneling of carriers through hBN due to changes in work
function. The hBN flake are chosen to be so thin (several layers) that a small
bias can trigger the injection of carrier through the insulating barrier and thus
induce carrier recombination in the semiconductor layer, as shown in Figure
1.16(d). Figure 1.16 (e) and (f) presents the tunneling current as well as 2D PL

and EL spectra as a function of bias. The results indicate that EL is
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predominately due to trion emission, with weak emission from lower energy
states. It is reported that the quantum efficiency of such a single quantum well
device is around 1%, probably due to high leakage through the ultrathin
barrier. The stacking of multiple quantum well (MQW) offers an effective
solution to enhance QE to ~10%, at the cost of increasing complexity of
sample preparation and large overall resistance. The well-built structure
resulted in record high quantum efficiency values, highlighting the potential of
all 2D integration. The PL quantum yield of single layer MoS; and WS, has
recently been reported to reach up to 95% after appropriate chemical

treatments. “8 Therefore, there is still huge room for improvement of EL EQE.
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Figure 1.16 (a) schematic and (b) optical image of a single quantum well
device. (c) llustration of carrier distribution and working mechanism of QW
device. (d) Optical image of an electrical excited quantum well under
sufficient bias. (e) PL spectra and (f) EL spectra as a function of bias. The
white line demonstrates the current-voltage characteristic.”
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1.7 Summary

Despite the chemical stability of TMDs, the ultrathin body makes them
sensitive to the external circumstance. Therefore, in chapter 2, we will
investigate on the effect of ambient air to WSe, and MoSe; transistors. In
addition, it is necessary to achieve both n- and p-doping in the wide band gap
TMDs in order to build a robust PN junction. So, in the rest of chapter 2, we
will show the utility of Oz as a strong oxidizing agent to realize efficient P-

doping in WSe; transistors.

In chapter 3, we will present our results on the new hetero-structure
built with TMDs flakes. The electronic structure of the WSe>-MoS; hetero-
bilayer is investigated via PL mapping. We go on with electrical
characterization of these heterojunction. At length, we explore the
photovoltaic effects of these hetero-structures and propose a new structure for

improvement.

In chapter 4, we will briefly discuss the limitations of current TMDs
based light emitting devices and report our results on bright planar emission in
metal-insulator-semiconductor (MIS) diode built from van der Waals
heterostructures. We will show the perfect rectification behavior and high
quantum efficiency of our MIS device. At last, we ascribe the high efficiency

to carrier multiplication due to impact ionization.
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2 Effect of Oxygen and Ozone on P-type Doping of

Ultra-thin WSe2 and MoSe2 FETSs

2.1 Introduction

Atomically thin layers of semiconducting transition metal
dichalcogenides (TMDs) has aroused remarkable interests as novel materials
for next-generation electronics and optoelectronics®. Field-effect transistors
(FETs) based on TMD layers exhibiting high field effect mobility and large
on-off ratio have been demonstrated by a number of research groups3® 43 747>
76,77 The atomic thickness of these materials allow ultimate gate coupling and
offer solution to short channel effects such as drain-induced barrier lowering
and leakage current’®. It is anticipated that these materials will enable

realization of flexible and small-form-factor devices on a variety of surfaces 4>

79

One of the fundamental challenges for the realization of TMD-based
CMOS-type devices is controlled and reliable doping. The implementation
into logic gate and diodes necessitates the establishment of a technique to
achieve both N-type and P-type in TMDs, especially the thinnest ones. It has
been reported that cation substitution of group 6 TMDs such as MoS: with
group 5 and group 7 elements leads to p-type and n-type doping, respectively
8 However, substitutional doping could only been achieved during crystal
growth and the control over the doping concentration is limited during the
chemical vapor transportation. Furthermore, carrier mobility in
substitutionally doped TMDs is significantly compromised by ionized
impurity scattering due to the introduced dopant®..
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Charge transfer doping is a viable approach for modulating carrier
concentration in two-dimensional (2D) semiconductors. Recent studies have
shown that both n- and p-type doping can be induced by exposing 2D TMDs
to oxidizing or reducing species with suitable redox potential®> & 84 For
example, NHsz and NO> can be used to dope MoS: n-type and p-type,
respectively®. An adlayer of MoOx having a large work function has also been
shown to strongly dope 2D TMDs p-type® 8. Doping by both physisorbed

and chemisorbed species has been reported.®

While oxygen is recognized as a common adsorbate and an electron
acceptor for carbon nanotubes and graphene®® 8 its role on TMDs has not
been systematically investigated. Here, we report the effects of oxygen and
ozone on the transfer and output characteristics of mono- and few-layer WSe>
and MoSe> FETs. We show that oxygen and ozone exposure result in
metastable p-type doping and substantial increase in hole conductance. Our
results demonstrate that while the doping mechanism is similar to that of
ambient oxygen, ozone is a significantly more efficient electron acceptor
owing its large redox potential. Further, we show that the presence of water
adlayer that solubilizes the oxygen and ozone molecules is essential in

invoking their powerful oxidizing properties.
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2.2 Methods and experimental details

Device fabrication WSe, and MoSe, flakes were mechanically
exfoliated on top of a silicon substrate with a 300nm thick SiO: layer and
subsequently identified under an optical microscope. Standard electron beam
lithography techniques were used to define alignment marks and then draw
electrode patterns, using 950 PMMA A5 as the resist. Afterwards, Cr/Pd/Au
(2nm/20nm/30nm) was thermally evaporated in sequence as the electrodes.

Palladium was used because it acts as a good hole injection contact.

Electrical characterization All electrical measurements were
conducted at room temperature in nitrogen-filled glove box. Transfer
characteristics curves were collected by Agilent parameter analyzer B1500A.
Source-drain bias was fixed at 1V for all gate sweep measurement.
Measurements on UV/ozone-treated devices were conducted 5~10 min
following the procedure. Thus, effects of residual photoexcited carriers can be

ignored.

Ozone treatment Ozone was produced by a UV/ozone procleaner
(BioForce Nanoscience). The devices were loaded into the chamber and the
UV light was switched on for 1 minute, after which they were kept in the
chamber for 10 minutes. The UV irradiation time was deliberately set low to
avoid oxidation. Slightly longer UV irradiation time (3 min) was used for the

devices for TLM measurement.
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2.3 Results and Discussion

Mono- and few-layer WSe, and MoSe, devices were fabricated
following standard electron-beam lithography and electrode metal deposition.
The electrical properties of the devices were then measured in a nitrogen-filled
glove box. In typical fabrication procedures, the devices were annealed in the
glovebox in order to drive off any residual adsorbates on the surface of the
channel and improve metal-semiconductor contacts. In the following
discussions, we refer to these annealed devices as “intrinsic” due to minimal

surface adsorbates.

2.3.1 Effects of ambient air

The WSe; transistors were first exposed to ambient air (relatively
humidity of ~ 70%) for a long time. During ambient exposure, water is also
expected to adsorb on the channel surface due to hygroscopic nature of TMDs.
The effect of surface adsorption of ambient oxygen on the device properties
were studied by thermal annealing in N2 filled glovebox and monitoring the

electrical performance.

Figure 2.1(a), (b) and (c) shows the transfer curves of monolayer,
bilayer and multilayer WSe, at different annealing temperatures for 10
minutes. In those three devices, the transfer curves demonstrate horizontal
shift of threshold voltage to the negative direction of gate voltage with higher
annealing temperature. In the case of bilayer and multilayer, the transistors
even demonstrates ambipolar behaviors. As thermal annealing simply removes
air adsorbates from the surface of these transistor, the effect of ambient air is

considered to induce P-type doping, based on the n-doping-like behavior of
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thermal annealing. As would be discussed later, this doping process is

reversible.
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Figure 2.1 lgs — Vs relationships of (a) monolayer WSe», (b) bilayer WSe, and
multilayer WSe, after thermal annealing in N2 filled glovebox at different
temperatures.

2.3.2 Doping effects of ozone

The effect of ozone on the device properties was studied by exposing
the device to ozone in UV-0zone generator in the presence of ambient gas at
room temperature (Figure 2.2(a). See Methods for the details of ozone
exposure). The level of ozone adsorption was controlled by varying the

exposure time and the number of exposures.
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Figure 2.2 (a) Schematic diagram of WSe; transistor exposed to a mixture of
oxygen and ozone molecules. (b) Conductance of a bilayer WSe: device at Vg
= -80 V as a function of air and ozone exposure time. (c-e) Transfer (upper
panels) and output (lower panels) curves of a bilayer WSe, device in its
intrinsic state (c), after air exposure for 12 hours (d), and after subsequent
ozone exposure for 11 minutes (e).

Figure 2.2 (b) shows changes in device conductance at Vg =-80 V as a
function of progressive air and ozone exposure. Air-doping occurred gradually
over a period of one week with a slow increase in device conductance by 3
orders of magnitude. In contrast, ozone led to immediate enhancement in
device conductance by 3 orders of magnitude within the initial 11 minutes.
Note that the enhancement achieved within 20 minutes of ozone exposure was
larger than that achieved by air doping after one week. The general saturating

trends are similar to those reported for air-doped graphene transistors.®®

44



(a)Monolayer WSe, (b)Monolayer MoSe, (c)Multilayer MoSe,

10* 10t —— 10* e ——r
— Before exposure —Before exposure
10° ] 10°] 1 10° N
<, 10f {1 10° 1 10°F 1
[ em—As prepared 3 3 3
10 [ - -10 [ N\ ] k
10 —2nd exposure 10 10" [ ]
3 — 4th exposure 3 ‘= 3
1 O'12 PR L 1 1 1 0’12 ! I I 1 d.'.l‘ 1 0-12 | ) | o
-100 -75 -50 -25 O -100 -80 -60 -40 -20 O -100 -80 -60 -40 -20 O

V. (V) V_(V) V (V)

Figure 2.3 (a) Transfer curve of monolayer WSe; before and after step by step
ozone exposure. At each exposure step, the device was illuminated with UV
light for 1 minute and left in the chamber for 10 minutes to allow ozone
molecules to adsorb on the surface. Transfer curves of monolayer (b) and
multilayer (c) MoSe: before and after ozone exposure.

Figure 2.2 (c) shows the transfer curve of a bilayer WSe> device in its
intrinsic state while Figure 2.2(d) and (e) are those after exposure to ambient
air for 12 hours, and after subsequent exposure to ozone for 11 min,
respectively. Ambient air and ozone exposure resulted in progressive shift of
the threshold voltage of both hole branch and electron branch to larger back
gate voltages revealing increasing p-type character. Correspondingly, the
maximum on-state current density increased from 1.6 pA/um to 15 pA/um by
air exposure, and to 30 pA/um by ozone exposure, resulting in an increase in
on-off ratio to above 10’. Similar behaviors were observed for monolayer

WSe> (Figure 2.3(a)), mono- and few-layer MoSe> (Figure 2.3(b) and (c)).
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Figure 2.4 Photoluminescence (PL) of monolayer WSe; after air exposure for
several days (a) and after subsequent ozone exposure for 11 mins (b). The
spectra were fitted with exciton, trion and localized states emission peaks. The
spectra were obtained in nitrogen atmosphere at liquid nitrogen temperature
(77K).

In order to verify that the above observations are due to an increase in
hole concentrations, we studied the low temperature photoluminescence
spectrum of the samples. The photoluminescence spectrum of monolayer
WSe> at 77 K after air exposure for several days (Figure 2.4(a)) and after
ozone treatment for 11 min (Figure 2.4(b)) reveals peaks arising from the
neutral excitons and trions, or charged excitons, as expected for doped
samples. The separation between the twin peaks is 21 meV which is consistent
with the binding energy of trions in WSe,.*® As can been seen, the trion-

exciton intensity ratio for ozone-treated sample is larger than that for air-

exposed sample, indicating higher hole density achieved with ozone treatment.

2.3.3 Reversibility of ozone doping
Similar to ambient gas doping of MoS;*!, ozone doping was found to
be a reversible process. Annealing ozone-treated devices in nitrogen

atmosphere above 150 °C resulted in lower conductance of the original
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intrinsic state. Subsequent second exposure to ozone recovered the high
doping state equivalent to that of the first exposure. As can be seen in Figure
2.5, this doping and de-doping process can be repeated several times with high
reproducibility, indicating no degradation of the material. These findings
suggest that the doping is enabled by physisorption rather than chemisorption

of ozone molecules.
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Figure 2.5 On-state conductance of a bilayer device at Vq = -100 V after
exposure to ozone and annealing over multiple cycles. The device shows
consistent undoped and doped conductance of ~2 uS and ~40 uS, respectively.

2.3.4 The change of Rc and Rsh after ozone treatment

The drastic enhancement in channel current upon exposure to ambient
air and ozone can be attributed to changes in the contact resistance (Rc) and
channel sheet resistance (pshn). We investigated the changes in these

contributions in devices using transfer length method (TLM). TLM is a
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technique to extract contact resistance and sheet resistance simultaneously by
studying the scaling behavior of the total device resistance with channel length.
Using two-probe technique, we measure the total resistance between each two
adjacent contacts of different separation prepared on the same crystal. The
total device resistance scales as Rwt=2Rct+psn-L/W, where L is the channel
length and W is the channel width. Since the contact resistance and sheet
resistivity are constant, the intercept and the slope of Rewt-L plot yields Rc and
pshfW, respectively. We studied few-layer devices with channel lengths
ranging from 1 to 5 um (See Supporting Information for details of device
fabrication). Figure 2.6(a) and (b) show Ruwt-L plots for devices measured
before and after ozone exposure. Both contact resistance (Figure 2.6 (c)) and
sheet resistance (Figure 2.6 (d)) at a given gate voltage shows a decrease by a

factor more than 2 after exposure to ozone.

We evaluated the field effect mobility of the devices by u= 1/Cox *
[dpsh™ /dVg], where Cox is the oxide capacitance. The mobility of the device
before and after exposure was found to be 98.7 cm?/V-s and 99.3 cm?/V's,
respectively. The negligible change in mobility suggests that ozone adsorbates
are not the dominant scattering centers in these systems. This observation is
consistent with the non-covalent nature of ozone doping. Given that the
mobility is not affected by ozone doping, the carrier density introduced by
ozone can be estimated from the horizontal shift of psh-Vg plot (Figure 2.6 (d)),
which is found to be around 37 V. From the oxide capacitance, this shift

corresponds to ozone-induced carrier density of 2.7>x10* cm™.
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Figure 2.6 (a,b) Total resistance of multilayer WSe, devices as a function of
channel length at different gate voltages before (a) and after (b) ozone
exposure. The insets show output curves at gate voltages ranging between -60
and -100 V in 10 V steps. (c,d) Extracted values of (¢) Rc and (d) psh as a
function of gate voltages for deivces before and after ozone exposure. The
dashed line in (c) is a fit according to Eq (1). (¢) Schematic band diagram of
WSe> transistor with Pd source and drain contacts. The dashed line indicates
the Fermi level (Er). In a weakly doped device, current injection is limited by
the Schottky barrier at the contact. After doping, the Schottky barrier becomes
narrower and thermionic tunneling of holes is facilitated.

Reduction in contact resistance can also be explained by increase in

hole density in the channel and corresponding shift in the Fermi level. The
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lowering of Fermi level causes narrowing of Schottky barrier and the
depletion region (Figure 2.6 (f)). Since carriers are mostly injected into the
channel by thermally assisted tunneling®, the tunneling probability increases
exponentially with decrease in barrier width. This is schematically shown in
Figure 2.6. The relationship between contact resistance and carrier density is

given by
ATT
R, e~ ?8y(Emp)/(qp)) (1)

where &g is the Schottky barrier height , ¢ is the dielectric constant, m
is the effective mass of holes and p is the hole density. Note that the contact
resistance decreases with decreasing gate voltages for before and after ozone
treatment. The Rc — Vg plot in Figure 2.6 (c) shows good agreement with Eq
(1). This observation also indicates that thermionic emission is not a dominant

carrier injection mechanism in these devices.

2.3.5 Charge transfer between TMDs and O3/H20 redox couple
Lavesque et al.28 showed that oxygen doping in graphene occurs via

solvation of the molecules in water adlayer. Doping by ambient air was

attributed to electron transfer from graphene to an O2/H.O redox couple such

that
O2(aq) + 4H* + 4e*(graphene) = 2H,0. (2)

Similar observations have been reported for carbon nanotube FETSs®.
We thus hypothesize that a similar doping mechanism is at play in our air- and

ozone-doped devices. To test this hypothesis, we investigated the role of water
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on doping in WSe, by exposing dehydrated device to oxygen and ozone.
Dehydration of the device surface was achieved by placing the device in an
air-filled and sealed quartz tube and annealing it at 150<C for half an hour.
The device was then cooled in a temperature gradient in order to avoid
recondensation of water vapor on to the device channel (Figure 2.7 (a)). Note
that the device prepared in this way is exposed to oxygen but in absence of
significant water adlayer. The quartz tube containing the device after
annealing was then loaded inside an ozone stripper. Since quartz is transparent
to UV light, ozone is generated inside the quartz tube containing oxygen gas.
The device was subsequently measured in nitrogen atmosphere without
exposing it to ambient air. Two-probe transfer curves of a dehydrated bilayer
WSe> device exposed to oxygen and ozone are shown in Figure 2.7 (b).
Interestingly, no sign of significant doping was observed in these devices.
These observations indicate that presence of water adlayer on the surface of
WSe: is essential for doping by either oxygen or ozone, similar to the case of
graphene. It is also worth noting that dehydrated devices often showed
reduction of hole current after prolonged ozone exposure. In fact this reduction
in conductivity was irreversible suggesting that ozone tends to oxidize or etch

WSe; in the absence of protective water adlayer as reported in a recent study®*.
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Figure 2.7 (a) Schematic showing the scheme for studying the role of water in
oxygen and ozone doping. The water adlayer was removed by annealing the
device enclosed in a quartz tube and cooling it over a temperature gradient to
condense moisture on the inner walls of the quartz. Ozone is subsequently
introduced by UV light exposure. (b) Transfer characteristics of the device in
the conditions as illustrated in (a). (c) Schematic energy diagram showing the
DOS of WSe, (left) relative to that of O3/H.O (or O2/H20) redox system
(right). Electrons transfer from WSe, to the redox system driven by the
difference in Er and Eredox.

With these experimental findings, we can now better understand the
doping mechanism. In ambient conditions, physisorption of water on TMD
surfaces and interfaces is ubiquitous® # % In the case of ozone doping, this

water adlayer solvates Os molecules, establishing a redox reaction
Os(aq) + 2H" + 26" (WSe2) = O+H,0  (3)

Ozone is a strong oxidizing agent and its redox potential Eredox lies
below the chemical potential or Fermi level of WSe», Erwse2. Thus, electrons
are withdrawn from WSe», reducing its chemical potential until equilibrium is
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reached (Figure 2.7 (c)). Correspondingly, the hole density in WSe; increases,

giving rise to enhanced hole conductivity.

Rapid doping of WSe, by ozone can be attributed to both its high
oxidation potential and high solubility in water adlayer. According to the

Nernst equation®, the redox potential of a redox system can be estimated by

) akgT

Eredox = Ue(SHE) + Eredox — ﬁ (log (COX) - 4‘pH)- (4)

Here, uesHey=4.44eV is the standard hydrogen electrode (SHE)
potential relative to the vacuum level, E°edox iS the standard electrode potential
of the reaction versus SHE, « is chemical activity, kgT is the thermal energy,
ne is the number of electrons, F is the Faraday constant, and cox is the
concentration of Oz or Os. The value of cox is dependent on the solubility of
the oxidizing agent in water. At room temperature, the solubility of ozone in
water is more than 10 times that of oxygen. Given the standard electron
potential of ozone (~2.08 eV) and oxygen (~1.23 eV), the redox potential of
ozone lies below that of O, ranging from -5.3 eV to -6.42 eV for a realistic
acidity of water in air (~pH=6)% . On the other hand, the valence band
maximum for monolayer WSe; is predicted be at -5.16 eV by first principle
calculations®. Thus, electrons in WSe; have sufficient driving force to transfer
to the redox system in both O, and Os based redox systems. The efficient
ozone-induced doping can be explained in terms of its high large standard
electrode potential and water solubility of ozone. Further, the ability of ozone

to render SiO- surface more hydrophilic may also explain the efficient doping.
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2.4 Conclusion

We report the role of oxygen and ozone on p-type doping of WSe, and
MoSe> devices. Both molecules are shown to induce increase in hole density
via a non-covalent charge transfer process, leading to significant increase in
hole conductance. Doping occurs by solubilization of oxidizing molecules in
water adlayer that is naturally present in devices exposed to ambient air and
thereby forming a redox couple with a chemical potential higher than that of
WSe; and MoSe,. Due to the higher oxidation potential and water solubility,
ozone is significantly more efficient in doping these materials compared to
oxygen. Nevertheless, oxygen doping can be equally effective after prolonged
exposure to ambient air. These findings indicate that care needs to be taken
when evaluating intrinsic device performances due to significant extrinsic

effects arising from ordinary surface adsorbates.
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3 Photovoltaic Effects in Layered TMDs-Based

Heterojunctions

3.1 Introduction

As discussed in Chapter 1, ultrathin layers of TMDs hold promise for
the applications in thin film optoelectronic device. TMDs exhibit unusually
large light absorption per layer at resonance frequencies,*® *° highlighting their
potential for photodetectors and solar cells. Recently, a number of papers
reporting on the photo-response properties of mono- and multilayer TMD two
photo-detectors and phototransistors have emerged in the literature,®: 9 99100
The relatively large band gap of monolayer TMDs along with its ultrathin
body allows efficient electrostatic control of these phototransistors. The
highest photo-responsivity is reported to be of 880 AW for a single layer
MoS; phototransistor at a detection wavelength of 561 nm . This value is
significantly higher than those of silicon- and graphene-based devices. Despite
the high responsivity, TMD-based devices tend to exhibit significantly slow

response, which has been ascribed to charge trapping by silicon substrate.

In addition to photodetectors, the remarkable absorbance of TMDs
along with its moderate carrier mobility and flexibility make them attractive
for applications in large area flexible solar cells. For solar energy conservation,
a PN junction with robust build-in electric field is required to generate
photovoltage on top photocurrent. Recently, Pospischil et al'®* reported
fabrication of lateral PN diode in monolayer WSe> via electrostatic doping
using a split gate device configuration. The power conversion efficiency (PCE)
for these devices were estimated to be around 0.5 %. Considering that the
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active region of these devices are sub-nanometer thick and that the device
design has not been optimized, such PCE values are remarkable. However,
these devices suffer from low photocurrent and photovoltage. The low
photovoltage may be attributed to low carrier concentration achieved by
electrostatic gating. This may be further improved by employing more
efficient doping techniques. On the other hand, low photocurrent is due to the
small active region, which is limited to the microscopic intrinsic region

between the two split gates.

In contrast to lateral devices, vertical heterojunctions of TMDs allow
energy harvesting over a large area. The type Il heterojunctions formed by
dissimilar TMDs with different band gaps are favorable for efficient light
absorption and separation of charges. Since TMDs exhibit thickness-
dependent band gaps, they offer a variety of designs for the exploration of

heterojunctions suitable for photovoltaic devices.

As-synthesized MoS; typically exhibits N-type conduction,®® 3 while
P-type conduction of WSe; can been achieved by electrostatic doping.*> " PN
junctions formed by monolayer MoS; and WSe: have been shown to exhibit
photovoltaic effects albeit with low Isc and Voc.5 In this Chapter, we will
present our investigation on the photo-response and photovoltaic effects in
MoS,-WSe> NP vertical heterojunction. First, we demonstrate the formation of
a type Il heterojunction using PL mapping. In addition, we show that these
devices exhibit “anti-ambipolar” behavior and formation of a PN junction by
electrostatic doping. Under illumination of a 5uW green laser, the device was
found to exhibit an estimated PCE of 0.015 %. We found that such a low value

of PCE can be attributed large lateral resistance and low photocurrent.
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Subsequently, we investigated a modified structure in which the lateral
resistance is minimized by using multilayer sheets as the contact. We show
that considerable enhancement of performance can be achieved in this new
device design. We discuss the effect of parasitic resistance on the performance

of heterostructure solar cells.
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3.2 Methods

WSe, flakes were first mechanically exfoliated on a commercial
SiO2/P*™* Si wafer (with a layer of 285nm SiO>). Subsequently, a MoS; flake
was exfoliated on a transparent PDMS stamp and stacked onto WSe> via the
dry transfer techniques. The as-prepared heterojunction was then patterned
with standard e-beam lithography and metalized with Cr/Au (2n/50nm).
Finally, a thin flake of hBN is exfoliated on PDMS and transferred on top of
the heterostructure to encapsulate the entire device. HBN encapsulation layer
is used to isolate the sensitive device from unintentional doping effects of air.
The device was annealed at 150 °C in N2 filled glove box to remove possible
adsorbates before measurements. Figure 3.1 (a) shows the schematic of an
hBN encapsulated WSe>-MoS; heterojunction device with source, drain, and
gate electrodes. Optical image of one of the complete device is presented in

Figure 3.1(b).

Figure 3.1 (a) Schematic of a multilayer WSe>-MoS; heterojunction; (b)
optical image of an hBN encapsulated WSe2-MoS; heterojunction; WSe: flake
is highlighted with the dark blue line, while the violet line indicates the
position of MoS; flakes. The entire junction is encapsulated with hBN marked
by the light blue line. The scale bar is 10um.
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The electrical properties of the device were initially characterized in N2
filled glove box with an Agilent B1500A module. Subsequently, the device
was wire-bonded to an in-house chip-carrier and mounted onto a Janis vacuum
cryostat with an optical window. Measurements were conducted at pressures
of around 10 Torr. Blue (473 nm) and green (532 nm) lasers were used to test
the opto-electrical response of the device. The laser was focused on the device
through a 50x objective lens and its power was adjusted using a neutral

density filter. The I-V characteristics were measured using Agilent B2902A.
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3.3 Results and discussions

3.3.1 PL mapping of 1L MoSz-1L WSe2 heterojunction

PL mapping is utilized to probe the electronic structure of MoS;-WSe:.
Single layer MoS; and WSe> are taken advantage of thanks to their strong PL
intensity. Figure 3.2 (a) shows the PL mapping of a monolayer MoS2-WSe;
hetero-bilayer under 473 nm laser excitation. As can be seen, both single layer
MoS; and WSe> regions exhibit bright optical gap emission. On the other hand,
the emission from the overlapping region is significantly weaker. The PL
spectrum collected from the junction area is plotted in Figure 3.2(b). The two
main peaks around 1.67 eV and 1.87 eV correspond to the optical gap
emission of monolayer WSez and MoS;. According to the band diagram given
by Kang et al,>* monolayer MoS; and WSe; form a type Il band alignment.
Upon optical excitation, photo-generated carriers are expected relax to energy
minima that are in two different layers for electrons and holes. This involves
interlayer charge transfer and corresponding loss of intralayer excitons. Thus
this interlayer charge transfer process is believed to account for the observed
quenching of PL in the hetero-bilayer region. Further, a small peak at a lower
energy of around 1.46 eV can be identified. This lower energy peak can be
attributed to interlayer excitonic transition across the stagger gap, according to

earlier reports.>5 58
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Figure 3.2 (a) PL mapping of a 1L MoSz-1L WSe; heterojunction excited by a
473nm laser. The inset shows the optical image of the device. 1L MoSz and 1L
WSe, are marked by the violet and blue line, respectively. (b) PL spectrum at
the interface of heterojunction. Two main peaks are ascribed to exciton
emission of single WSe, and MoS;, a lower energy peak is probably due to
indirect transition of majorities in separate layers. The inset shows the typical
photo-generated carrier transfer process in a type Il heterojunction.

3.3.2 “Anti-ambipolar” behavior of hetero-multilayer

Despite the direct band gap of monolayer, the total light absorbance of
monolayer is lower than multilayer. Below, we present our findings on the
heterojunctions consisting of multilayers. Figure 3.3 (a) illustrates the lgs-Vgs
relationships of multilayer MoS,, WSe> and their hetero-structure at a fixed
voltage of 1 V. A threshold voltage of -40V together with the large current
density reveal that hBN encapsulation is effective in isolating TMDs layers
from the unintentional P-type doping by ambient molecules. Furthermore, the
transfer curve of the hetero-multilayer demonstrates an “anti-ambipolar”

behavior.
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Figure 3.3 (a) Transfer curves of single MoS: transistor (blue), single WSe;
transistor (red) and the MoS>-WSe; heterojunction (black). Vs is fixed at 1V.
(b) Hlustration of a Nn zone and np zone based on the interpretation of gate
dependence. (c) las-Vas under different gate voltages in the dark. (d)
Photovoltaic effect of the hetero-multilayer as a function of gate voltage under
the excitation with a SuW green laser.

When the bottom gate modulates carrier density of both MoS, and
WSe, simultaneously, electron and hole densities in the two layers are
modulated with opposite trends. The forward current, consisting of both
electron and hole diffusion current, varies according to the change of carrier
densities and reaches the maximum when bother layers are in the conducting
state. In other words, MoS, and WSe, contribute together to the total
resistance of the heterojunction and only when both layers are turned “on”
does the heterojunction exhibit significant current. There are two conditions
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when this occurs. First, the device current reaches a maximum when MoS; is
n-doped and WSe: is p-doped. In this way, a pn hetero-diode is established, as
highlighted by the green shade in Fig Figure 3.3(b). Besides the pn regime,
there exists another regime where the device is in a conducting state. This is
shown as the Nn region shaded with dark red in Figure 3.3 (b). (“N” denotes
heavy n-doping and “n” represents weak n-doping) In this regime, MoS: is
heavily electron doped and WSe: is weakly electron doped. Rectifying output
characteristics are observed in the np regime as shown in Figure 3.3 (c). In the
following, we discuss the photovoltaic effect of the hetero-multilayer in the

PN regime.

The photovoltaic effect is examined with the excitation by a SuW
monochromatic green laser. The current-voltage characteristics under
illumination is shown in Figure 3.3(d) as a function of gate voltage. We
estimate the highest PCE (Pe™®/Pin) to be around 0.0148 % at a gate voltage
of -60V. Interestingly, we find that the lqgs-Vgs curve shifts to the negative

direction, implying photo-induced N-doping.

It is noteworthy that at the PN regime, the heterojunction exhibits bad
diode behaviors. The highest ratio between forward and reverse current is
around 4 times. The forward current is in the order of sub-nanoampere. This
low carrier density severely limits the performance of these devices. Below
we discuss the possible origin of high device resistance and demonstrate an

improved device based on a modified hetero-multilayer structure.
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3.3.3 Hetero-multilayer solar cell with a modified structure

3.3.3.1 Modification of device structure

We consider that the low current density originates from limited
conducting regime overlap of the MoS; and WSe; layers. That is, the device
exhibits high resistance when either one of the material is in the off state for a
given gate voltage. Due to the lateral electrode design, high resistance of each
layer adds up in series. As highlighted by the red frame in Figure 3.4 (a),
under high negative gate voltage, non-overlapping region of MoS; exhibits

large sheet resistance.

An effective way to reduce the resistance of non-overlapping region is
to place the metal contact directly on the overlapping area. However, this leads
direct vertical tunneling of holes through the very thin MoS: layer. By
inserting a thick layer of MoSy, the probability of direct tunneling through the
layers can be reduced. Schematic of the modified structure is shown in Figure
3.4 (b). Figure 3.4 (c) presents the optical image of one hetero-multilayer with

the modified structure.

a b

Figure 3.4 (a) the red frame highlights the gate-dependent resistance which
limits the current density of the heterojunction (b) Modification of device
structure. A thick layer of MoS; is utilized to contact the bilayer MoS. (c)
Optical image of a heterojunction with the modified structure.
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3.3.3.2 lds— Vgs and lgs - Vas characteristics

Figure 3.5(a) presents the electrical characterization of source-drain
current as a function of gate voltages for the same device shown in Figure
3.4(c). Unlike the “anti-ambipolar” behavior in the previous structure, the new
structure exhibits ambipolar-like gate dependence. For this measurement, N-
type MoS; is grounded and a constant bias of 1V is applied to the bottom
WSe> layer. As the gate voltage decreases from 0V to -60V, the source-drain
current decreases accordingly, indicating electron-dominant conduction. It is
noteworthy that multilayer WSe> transistor generally shows ambipolar gate
dependence with slightly electron-dominant conduction (red curve in Figure
3.3(a)). This reveals the formation of a M0S2-WSe2 Nn heterojunction, which
is more strongly electron-dominant than the trend in Figure 3.3. Below -60V,
the trend is reversed and the device current increases with decreasing gate
voltage. Meanwhile, the portion of the curve below Vgs = -60V is quite similar
to the hole branch of the red curve in Figure 3.3 (a). It is worth noting that the
device does not exhibit an off state unlike the previous one. This suggests that
the electron density in MoS: is not depleted by the gate electrical field due to
screening by bottom WSe: Therefore, the top MoS: flake could be considered

as an electron channel with weakly variable resistance.
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Figure 3.5 (a) las — Vgs relationship (Vas = 1V). The ambipolar-like gate
dependence demonstrates the formation of nn and pn junction at different gate
voltages. (b) IV curve at the pn regime with a gate voltage ranging from -60V
to -100V. (c) IV curve at the nn regime with a gate voltage ranging from 0V to
-60V.

As MoS; exhibits constant n-type conduction, the gate dependence
reveals the formation of an nN junction and a pN junction in two regimes,
with a turning point around Vgs ~ -60V. The gate-dependent conduction can be
described by the band structure shown in Figure 3.5(b) and (c). The

semiconducting behavior of WSe, changes from N-type (Figure 3.5 (¢)) to P-
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type (Figure 3.5 (b)), while MoS; remains in the N-doped regime. We believe
that the gate field primarily alters the Fermi level in WSe», while the shift of
Fermi level in MoS; is comparatively smaller due to large thickness of the

layers and screening effects arising from free carriers in WSes.

In both nN and pN regimes, the heterojunction exhibits diode-like
conduction, with high ratio between forward and reverse current. Figure 3.5(b)
shows the IV curve in the pN regime at gate voltages below -60V. The
increase of forward current with decreasing gate voltage reflects effective
tuning of hole density by electrostatic doping. On the contrary, the forward

current in the nN regime decrease with gate voltage (Figure 3.5(c)).

3.3.3.3 Photovoltaic effects and photocurrent generation

IV curves of the hetero-multilayer in the PN regime as a gate voltage of
-100V in the dark and under illumination are shown in Figure 3.6 (a). The
device in the dark shows excellent rectification with a rectification ratio of
above 10%. Upon illumination of focused 532nm laser at a power of 6.328.\WV,
the device exhibits significant photovoltaic effects with an lgs around 0.4pA
and a Voc around 0.5V The output power Pe (Per = Vs - lds) as a function of Vgs
is presented in the inset, with a maximum value of 67nW. The maximum
output power occurs for Vgs ~ 0.24V. The power conversion efficiency (1 = Pe
M [ Pin) is estimated to be around 1.06%. The external quantum efficiency
(EQE = (1/9) / (Pin/hv)) is determined to be around 14.8% at a Vgs of -1V. We
ascribe the strong enhancement of PCE and EQE to the significant reduction

of lateral resistance in the modified structure.
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Figure 3.6 (a) IV curves of the device at a gate voltage of -100V in the dark
and under illumination. The excitation power is 7.9uW. The inset shows the
Pe as a function of Vgs. (b) Photo response as different excitation powers when
the device is negatively biased. The inset plots out the relationship of
photocurrent as a function of incident power.

The time-dependent response of photocurrent generation at different
excitation power is shown in Figure 3.6 (b) (Vg = -80V and Vgs = -1V). The
rise time of the photocurrent is lower than 0.1s, since the interval between two
measurements is set to be 0.1s. We show in the inset of Figure 3.6 that
photocurrent increases linearly with incident power. The photoresponsivity at

an excitation power of 0.4uW is estimated to be 4.25mW/A.

3.3.3.4 Gate dependence

The gate dependence of short circuit current (lsc) and open circuit
voltage (Voc) is plotted in Figure 3.7 (a) and (b), respectively. Unlike the linear
relationship of photocurrent Iph, Isc exhibits a sub-linear relationship with the

incident power and tends to saturate at high incident power (Figure 3.7(a)).
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On the other hand, Vo increases linearly with log(Pin). Given the

relationship between Vo and Ipn:

nkT I
Voc = T ln(l +Ip_oh y

where n is the ideality factor, k is the Boltzmann constant, Ipn is the
photocurrent and o is the dark current. Given the linear power dependence of
loh (Figure 3.6(b)), Voc is expected to demonstrate linear dependence on In (1)

and thus In (Pin).
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Figure 3.7 (a) Short circuit current and (b) open circuit voltage as a function of
incident power. (c) Pe as a function of Vgs under different excitation power. (d)
Power conversion efficiency (PCE) as a function of Pin. The inset shows the
FF as a function of Pin
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The output powers as a function of Vgs at different excitation power is
shown in Figure 3.6(c). The maximum electrical power, labelled as Pe™,
increases sublinearly with excitation power. The power conversion efficiency
(m = Pa™/Pin) at a fixed gate voltage of -100V is given in Figure 3.7(d).
Despite the increase of Pe™® with Pin, the PCE does not show a linear increase
with Pin. Instead, it increases with Pin at low incident power and then falls at
high excitation power. Meanwhile, FF decreases with increasing Pin (the inset
of Figure 3.7 (d)). Based on the equation 1 = lsc'Voc'FF/Pin, the trend of PCE
with Pin could be ascribed to both the sublinear power-dependence of Isc and

the decrease of FF with increasing Pin.

Besides, as the gate voltage decreases, the IV curves of the solar cell
evolve from a quasi-rectangle shape to a quasi-triangle shape (Figure 3.8 (a)),
which indicates the decrease of filling factor (FF) with decreasing gate voltage.
The FF as a function of gate voltage at an excitation power of 665uW is given
in Figure 3.8 (b). The gate dependent FF exhibits an abrupt change near Vgs ~ -
60V, which coincides with the voltage at which the device transition between

nN and pN regimes.
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Figure 3.8 (a) IV characteristics at different gate voltages with the excitation
of a 665uW green laser. The inset shows the zoom-in picture around the
original point. (b) Filling factor as a function of gate voltage. (c) Shunt
resistance of the hetero-multilayer as a function of gate voltage under different
excitation power. The inset shows that Rsn decreases with increasing Pin. (d)
Series resistance as a function of gate voltage under the excitation of 665uW
green laser.

It is known that parasitic resistances, such as parallel shunt resistance
Rsh and series resistance Rs, have an significant impact on FF. Rsh and Rs can
be roughly approximated by the inverse of the slope of IV curves at the point
of lsc and Vo, respectively.'®? In general, for an ideal solar cell, Rsh should be
as large as possible so that there is no other leakage paths for photocarriers

while Rs should be close to zero, so that output power loss is minimized. Rsh
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and Rs as a function of gate voltages under different excitation powers is
plotted in Figure 3.8 (c) and (d). We found that the gate voltage strongly
affects Rsh, resulting in an increase by 3 orders of magnitude with increasing
Vgs under an excitation power of 665uW. Besides, the sharp decline of shunt
resistance occurs around the turning point (-60V) of P-type and N-type
semiconducting behavior of WSe,. Further, Rsn decrease substantially with
increasing excitation power. (Inset of Figure 3.8(c)) Both of them indicates
that the shunt resistance decrease rapidly with increasing hole density, which
may be due to the decrease of tunneling resistance through the thick MoS:
layer as the hole density in WSe; is enhanced. Rs also decreases with
decreasing gate voltages, even comparable to the value of Rss at a gate voltage
of -100V. This is most likely the origin of the low FF at high negative gate
voltages. In addition, the decrease of Rs with decreasing gate voltages may be

ascribed to the reduced contact resistance by electrostatic doping.
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3.4 Conclusion

In this chapter, we investigated on the electrical and optoelectronic
properties of a hetero-stacking of MoS and WSe>. We found that PL mapping
of monolayers is significantly quenched and a new low energy peak emerge at
the heterojunction. These observations are consistent with the recently
reported results by several other groups and indicate the formation of type II
band alignment at MoS,-WSe; hetero-interface. We further prepared
heterojunctions consisting of multilayer MoS; and WSe; flakes and found that
such structures exhibits “anti-ambipolar” behaviors with clear photo response.
This device was found to exhibit low current density in the order of sub-
nanoampere and a maximum power conversion efficiency of 0.0148%. We
attribute the performance of this device to the low doping concentration in the

separate layers and high lateral resistance.

We further investigated an improved device structure by the insertion
of a multilayer MoS; between the contact and WSe,. This device structure
demonstrates an ambipolar gate dependence and significantly improved Isc due
to the reduced lateral resistance. PCE was found to be strongly dependent on
Vgs and illumination power. The highest PCE of our solar cell is estimated to
be around 1%. Finally, we discussed the effect of parallel shunt resistance and
series resistance on FF. Gate dependent Rs and Rsh suggests that the optimal
operation condition of this type of device is non-trial and is determined by the
competition between power loss by series resistance and leakage current in the

high doping regime.
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4 Highly Efficient Electroluminescence from

Ultrathin Field Emission Diodes

4.1 Introduction

In the family of two dimensional materials, monolayer TMDs, such as
MoS; and WS, stand out as they possess a direct band gap and are able to
host stable band gap excitons that exhibit robust electronic®® and valley%
coherence. Due to quantum confinement of carriers and reduced dielectric
screening in the ultrathin limit, excitons and their complexes in monolayer
TMDs are tightly bound and mediate strong light matter interaction in
resonance conditions'® 1.197 The binding energy of neutral excitons at room
temperature in monolayer TMDs is much higher than that in commonly
known semiconductors, like group Il1-V compound. These features allow
observation of exciton polaritons % 19 and offer prospects for the
development of room-temperature polariton lasers as well as exploration of

exotic condensed matter phases*'?,

One essential step towards the realization of novel photonic devices
based on 2D semiconductors is to achieve planar emission with high quantum
efficiency by electrical excitation. A vertical structure is desirable for the
implementation of planar emission in the whole device area. Heterojunction
consisting of an intrinsically n-type MoS; and P-type silicon have shown good
rectification and electroluminescence from the entire interface area.®®
However, only a small fraction of current contributes to the formation of
exciton, since the bandgap of monolayer MoS> is much larger than that of
silicon. To date, electroluminescence of light emitting devices based on
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monolayer TMDs have shown external quantum efficiency that falls far below
10 9o 0 72,73 111,112,113, 114, 115,116 The challenges are mainly two folds: low
current-to-exciton conversion efficiency and low quantum yield of excitonic
luminescence. Previous studies indicate that injected electrons and holes have
low probability of forming a bound state during its transit across the active
layer. This issue has been partly addressed by employing judiciously designed
vdW hetero-stacks, which, by mimicking the conventional multi-quantum-
well (MQW) structure, was found to allow enhanced carrier injection and
improved probability of exciton generation "®. However, EQE of these devices
is still limited by large leakage current and low emission QY, which is evident
from the high turn-on current density (> 0.5 pA-um2) and low PL QY (< 10
%) of these materials . Moreover, stacking multi-quantum-well
heterostructure by repeating the dry transfer process considerably adds to the
difficulties in preparing high quality and clean samples with less bubbles and
defects. On the other hand, the quantum yield of excitonic luminescence is
mainly dependent on the quality of the sample, while the current-to-exciton
conversion rate could be enhanced by judicious design of device structure. For
the existing device structure, the current-to-exciton conversion rate is, to a
great extent, limited by large leakage, namely the wasted current. In the best
scenario, every hole injected into the intrinsic n-type monolayer TMD is
anticipated to be made full use of and form an exciton. Here, we report
observation of highly efficient light emission from tunnel diodes based on
metal-insulator-semiconductor (MIS) vdW heterostack prepared by dry
transfer technique!'®. These diodes consist of a FLG electrode, hBN tunnel

barrier layer, and an electrostatically gated monolayer WS, layer (Figure 4.1
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(a)). They are found to exhibit stable planar EL with ultra-low turn-on current
density of 4 pA-um, which is orders of magnitude lower than that of the best
EL device reported to date 1°. Besides, the devices exhibit exceptionally high
external quantum efficiencies (EQE ~ 13 %) that unexpectedly exceed
photoluminescence (PL) quantum vyield (QY) by more than one order of
magnitude. We propose that the light emission is probably triggered by
injection of energetic minority carriers by Fowler-Nordheim tunneling and
that the boost in quantum efficiency is most likely attributed to carrier
multiplication effects. Our findings highlight the possibilities of exploiting
impact ionization effects in 2D semiconductors for realizing light emitting

devices with efficiencies exceeding 100 %.
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4.2 Materials and Methods

Device preparation WS, crystals were grown by chemical vapor transport
(CVT) method using I» as the transport agent. Monolayer WS2 flake was
exfoliated on a silicon substrate with a 285 nm thick silicon oxide layer. Thin
flake (4 ~ 7 nm) of hexagonal boron nitride (hBN) was exfoliated from a
commercial hBN powder (Momentive) onto PDMS surface and then
transferred on top of monolayer WS; using a standard dry transfer
technique.''® Few-layer graphene (FLG) having thickness of 3 ~ 5 nm was
similarly exfoliated on PDMS and then transferred on top of the hBN layer,
leaving a part of bare WS> uncovered for electrical contact. A standard
electron beam lithography was used to pattern electrodes onto the WS, and
FLG layers. Cr/Au (2 nm/50 nm) electrodes were deposited by thermal
evaporation.

Characterization All measurements were conducted in a liquid-nitrogen-
cooled Janis cryostat in vacuum (~10° Torr). Electrical measurements were
conducted using Agilent source/measure unit (B2900A) and a parameter
analyzer (B1500A). EL and PL signals were collected through a 50 object
lens of a laser confocal microscope (NT-MDT), typically at an integration
time of 1s. For PL, 473 nm excitation laser was used.

Estimation of PL quantum yield and EL external quantum efficiency

In order to obtain the absolute PL quantum yield (QY: for WS;, we
define this as the percentage of photons emitted from the heterostack per
photons absorbed by WS;) and EL external quantum efficiency (EQE), we
used a commercial organic dye (CssHa9BN2S4 = 5,5"-Bis(N,N-dipenylamino)-
4'-dimesitylboryl-2,2":5',2":5" 2" -quaterthiophene) dispersed in PMMA matrix
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as a reference sample. The reference sample was provided by Prof. Kazunari
Matsuda’s group at Kyoto University. In contrast to rhodamine 6G, which
exhibits high QY in solution *2° but not in solid thin film form Y’  the dye
dispersed in PMMA was stable and exhibited QY of ~36 %. 2! The absolute
QY of the film could be readily measured in an integrating sphere. Absorption
of the thin film was measured in a UV-Vis spectrophotometer as well as in our
laser confocal microscope where all EL and PL measurements were conducted.
PL of the reference sample and WS, was measured in our laser confocal

microscope keeping all experimental conditions strictly identical. The PL

I ODg

internal quantum yield of WS, was calculated by Q = Qg 0 where Qr is
R

the absolute QY of the reference sample, | and Ir are the PL intensity, and OD
and ODr are the optical density of WS> and the reference, respectively. Based
on this, we estimated the QY of monolayer WS, at room temperature to be
0.216 % for excitation power density of 5.35 W/cm?, which corresponds to a

eneration rate of 1.81X 10! cm2s™. This PL QY for exfoliated monolayer
g

WS, at room temperature is in reasonable agreement with that report by
Amani et al 1?2, EL EQE was also estimated in a similar manner. We assumed
that the collection efficiency was the same for both PL and EL measurements.
The collection area for both PL and EL is estimated to be ~3 um? based on our
optical system. For all the device measured, the emission area is much larger
than 3 pm?and the collection spot is located in the center of the device for the

measurement.
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4.3 Results and Discussion

4.3.1 Basic electrical and optical characterization

The diode characteristics of our MIS devices at room temperature are
shown in Figure 4.1 (b). At large positive back gate bias Vg that renders WS;
n-type conductor, the devices exhibit rectification behavior with a clear
threshold in forward bias (the FLG layer is positively biased with respect to
WS at ground potential) and rectification ratios of 10° ~ 10%. The forward bias
current (lg) increases exponentially beyond the threshold bias Vi of ~ 5.5 V
before saturating at higher voltages (V). The dependence of saturation current
on Vg indicates that high bias current is limited by the in-plane resistivity of
the WS, layer (Inset of Figure 4.1 (b)), which could be taken advantage of as
overcurrent protection for the tunneling device. On the other hand, the
exponential current is independent of Vg, indicating that out-of-plane

resistance of the insulating hBN layer limits the device current in this regime.

Above the threshold bias, EL with emission peak near the optical gap
of WS, (~ 2eV) is observed (Figure 4.1 (c)). Additionally, the intensity of
electroluminescence increases with applied bias voltage and tunneling current.
The EL signal is stable over time and readily detectable even at sub-
nanoampere currents at one-second integration with our CCD (Figure 4.2).
Comparing the bight-field optical image and the image of
electroluminescence, we find the light emission mostly comes from the
overlapping area of graphite-BN-WS, which implies that the planar could be
ascribed to radiative recombination of tunneled holes from graphite and

electrons in WS». The emission profile reveals that the EL is spatially uniform
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across the WS, flake despite the fact that the carriers are supplied by lateral
electrodes (Figure 4.1 (d)), which, at the same time, indicates that the

tunneling current is uniformly distributed across the heterojunction area.
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Figure 4.1 (a) Schematic view of FLG/hBN/WS; light emitting diode. (b) l¢-
V4 characteristic at Vg = 40 V. The inset shows the plot of tunneling current as
a function of Vg and V4. () EL spectra of the MIS diode at different V4 and Iq
at 100 K. (d) Bright-field optical image of the device and image of EL at an
injection current of 100 nA at an accumulation time of 2 s. The emission area
is ~ 66 um?,

In unipolar semiconductors, EL may originate from radiative
recombination of majority carriers with minority carriers introduced by
injection, impact ionization, or thermal generation. Since the observed EL is
sharp and turns on at extremely low current density, we rule out thermal
generation of holes. It is also highly unlikely that electrons gain sufficiently

high energy for impact ionization due to the small voltage drop in the WS;

layer. Thus, the emergence of EL from an n-type WS, indicates that minority
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carriers (holes) are injected from the FLG electrode. Further, as shown in
Figure 4.2, the onset of emission coinciding with the rise of diode current
above the background level (~ 100 pA) implies that the measured current is
purely due to hole injection. Under steady-state conditions, electron density in
the WS> layer is orders of magnitude greater than the hole density because
WS is heavily n-doped by both the Si back gate and the MIS capacitance. A
typical transfer curve of monolayer WS transistor with gold contact on silicon
wafer is shown in Figure 4.3. The source-drain current is turned on at zero
gate voltage and increases with high positive voltage, which represents an N-
type conducting behavior. During our measurement, the devices are always
positive biased to enhance the electron density in the WS> channel. Thus, we
anticipate that under a large enough electrical field, majority of holes tunnel
through the BN barrier, enter WS,, bind to an electron and form an exciton. In
addition, the sharp steps in Figure 4.2 under various bias manifest the
reliability of this special MIS structure, because the tunneling current at a

fixed voltage is quite stable.
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Figure 4.2 (a) Diode current (l4) vs time (t) plot of a device during increasing
steps of applied bias (V4). The bias was increased from 5.1 Vt0 6.0V at 0.1V
step at ~ 20 s interval. EL spectra at different current levels are shown at each
step. The background current was ~ 100 pA for this device. EL emerges
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immediately above the threshold voltage of 5.1 V, at current of ~ 200 pA. The
active area of this device is 37 pm?. (b) EL spectra under different bias.
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Figure 4.3 Typical transfer characteristics of monolayer WS, device at room
temperature measured in N2 atmosphere.

4.3.2 Highly efficient electroluminescence

Using a fluorescent dye dispersed in PMMA as a reference, we
estimated the EL EQE of our devices to range from 1.38 to 13.0 % at different
bias conditions at 77 K, as shown in Figure 4.5 (b) as the solid circles (See
Materials and Methods). On the other hand, the estimated PL QY (defined
here for convenience as the number of photons emitted from the heterostack
per each photon absorbed by WS») from the same WS, layer at the same
location on the device using CW laser excitation ranged from 0.13 to 0.4 % at
different excitation powers. In order to verify this difference between EL and
PL efficiencies, we compared the EL and PL spectra at the same electron-hole
(e-h) pair generation rate Gen. For EL, we assume Ge-n = ls/eA where e is the

electronic charge and A is the emission area. For PL, we assume Gen = (1-
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Ac)AwPexc/Shico where Ag and Aw are absorptance of FLG and WS,
respectively, Pexc IS the excitation power, S is the laser spot size, and %w is the

energy of excitation laser.
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Figure 4.4 PLE spectra of a FLG/h-BN/WS>/SiO>/Si heterostack. (a) PLE
intensity map and (b) relative PLE spectra based on the integrated intensity of
the A peak in the PL spectra at each excitation energy; the excitation laser we
used (473 nm) has also been labeled in this figure.

Here, we estimate Aw and Ac to be equivalent to the absorptance of
isolated WS, and FLG flakes measured on a quartz substrate in transmission
and reflection geometry. At 473 nm excitation, we find Aw = 20 % and Ag =
29 %. Note that the actual absorption in these layers in our MIS device is
expected to be larger due to multiple reflection effects'?®. Thus, Ge.n and QY
values for PL presented here represent the lower and upper limit, respectively.
Further we verify from our PL excitation spectroscopy measurements that
interference effects do not play a major role in modifying light in-coupling
efficiency of WS and FLG layers (See Figure 4.4 for excitation spectroscopy
results). Figure 4.5 (a) shows the EL and PL spectra obtained at similar Gen
above and below the threshold bias, respectively, since above the threshold

bias, the PL spectra is a mixture of PL and EL. It is evident that the EL
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intensity is substantially greater than the PL intensity, indicating that the
external quantum efficiency is correspondingly higher for EL. By plotting all
the data collected at a range of Gen in Figure 4.5 (b), we find that the
enhancement of EL with respect to PL is consistent over more than two
decades of Ge.n values. Both EL and PL show decrease in quantum efficiency
at very low Gen, similar to the report by Amani et al.*® 122 suggesting that
Auger-type recombination becomes increasingly dominant at high excitation

rates. The origin of apparent saturation at higher Ge- is not clearly understood.
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Figure 4.5 (a) Comparison of EL and PL spectra measured at similar Ge.n at
100 K. EL was collected at 14 = 0.9 nA, Vq=8.4V and Vy = 80 V. The device
area is 16 um?. PL was obtained at excitation energy and power of 2.6 eV and
1.7 nW. PL was measured at Vg =80 V and Vg4 = 0 V. Ge, for EL and PL are
1.8 x10% cm?st and 1.9 <10 cm™?s, respectively. (b) Comparison of the
relative QY of PL and EL over a wide range of electron-hole pair generation
rates. S1 and S2 are two different devices measured at 100 K and 77 K,
respectively.

We discuss below the possible explanations for these observations. In
steady-state conditions, the output power P of EL and PL can be both

expressed as

P = ﬁnaGe—hha) (1)
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where £ is the out-coupling efficiency, # is the quantum efficiency of radiative
recombination of ground excitons, and « is the yield of ground excitons for
each electron-hole pair generated. Our observation of Pe.>Pp. for an identical
Ge-n implies that at least one of the following conditions is true for our

devices: neL>npL and aeL > apL. In the following, we consider these two cases.
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Figure 4.6 PL and EL intensity as a function of Vg and V4. Left and middle
columns show changes in the integrated PL intensity (upper panel) and color-
coded spectrum (lower panel) as a function of Vg at Vq = 0 (left column) and as
a function of Vg at Vg = 80 V (middle column). PL was measured at the
excitation energy and power of 2.6 eV and 5uW. X' and X denote emission
due to impurities/defects and negative trions, respectively. Right column
shows the evolution of EL integrated intensity (upper panel) and spectrum
(lower panel) as a function of Vg at Vg =0 V.
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It is known that the QY of PL in monolayer TMDs depends on carrier
densities due to redistribution of oscillator strengths between excitons, trions,
and bound exciton complexes °% 1%, Figure 4.6 shows the changes in the PL
intensity and energy as a function of Vg and V4. The emission is predominantly
due to negatively charged trions (X°) as it is evident from the characteristic
redshift of the peak with increasing carrier density!®. The total PL QY is
nearly constant in the heavily electron-doped regime (n*) and decreases
gradually when the material is depleted of free electrons. EL was observed in
the n* regime where the emission QY is effectively independent of carrier
densities. Thus, the large EL cannot be explained by redistribution of

oscillator strengths.
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Figure 4.7 PL spectrum as a function of diode bias voltage. The measurements
were made below and above the EL threshold Vi = 6.5 V. For V4 > Vi, the
spectrum comprises of both the PL and EL signals. Note that there is no
evidence of discontinuity in PL QY around Vu, indicating that the decay
dynamics of ground excitons is neither altered by the diode bias nor current.
Note that the PL intensity is greater than the EL intensity due to high optical
excitation power (159 W/cm?) used in this experiment. PL is predominantly
due to negative trions, whereas EL is both due to negative trions as well as
impurity emission.

Further, we did not observe notable changes in the PL QY below and

above the EL threshold as shown in Figure 4.7, indicating that the radiative
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and non-radiative decay rates of excitons are not affected by bias or current.
EL was often dominantly due to trions but emission from neutral excitons and

impurity states were also observed in some devices, as shown in Figure 4.8.

36k | v,=7.5V X i
24k | y
12k | -

8k
6k
3k

630
420
210

EL intensity (a.u.)

136
102

1

21 22 23

1.7 18 19 20
Photo energy (eV)

Figure 4.8 EL spectrum of a device exhibiting peaks due to neutral exciton,
negative trion, as well as impurity emission.

4.3.3 Impact ionization

Next, we consider the relaxation process that determines the magnitude
of a. Due to fast non-radiative recombination processes that compete with
carrier cooling™?*, a is expected to be below unity for most conditions 1°. This

is evidenced by the tendancy of PL QY to decrease with increasing optical
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excitation energies!?. However, sufficiently energetic e-h pairs or free carriers
can generate extra e-h pairs by impact ionization of valence electrons. In such
a case, more than one ground exciton can be generated for a single energetic e-
h pair or free carrier. Therefore, a is a complex function of excess energy and
may exceed unity under certain conditions. Our EL devices turn on at voltages
significantly exceeding the band gap of WS>, and thus such hot carrier effects

can play a dominant role.

We show in Figure 4.9 (a) that the Ig-Vq characteristics in forward bias
can be fitted very well by the Fowler-Nordheim tunneling equation 2° at
temperatures ranging from 77 to 240 K. (As the current below threshold is

ascribed to noise, the portion of curve below threshold voltage does not fit in.)

_qw/ay? ex —4V2m* (q i) 72
1677 hfin 3ha("/,)

_CS
= C4V28Xp(7)

This excellent fit indicates that holes in FLG tunnel into the valence
band of hBN where they are subject to very large electric fields of ~1 V/nm.
Due to the small thickness of the hBN layer, holes accelerate and ballistically
transit into WS, as hot carriers. The high energy of injected holes is
unambiguously revealed by the emergence of B exciton peak in the EL
spectrum, which is 0.4 eV higher in energy with respect to the ground exciton
(A) emission (Figure 4.9 (b)). Sketch of the band diagram of unbiased and
biased vdW heterostructure (Figure 4.9 (c)) shows that the hot holes have
excess energy of approximately Eexs = eVg-Eg Where Eg ~ 2.3 eV is the quasi-
particle band gap of monolayer WS, 27, Thus, above the typical Vi of 4 ~ 6

V, the holes have sufficient energy to ionize valence electrons into the
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conduction band or directly generate bound electron-hole pairs. This proposed
scenario is also consistent with the observation that the power conversion
efficiency of our EL devices also exceeds that of PL (Figure 2a). Since the
excitation energy of EL (> 4 eV) is far more in excess of the ground exciton
emission energy (~ 2 eV) compared to that of PL (2.6 eV), the power
dissipation due to thermal relaxation is expected to be far greater for EL.
However, our observation suggests that the input electrical power was not only
lost as heat but was efficiently consumed in generating e-h pairs. In contrast,

for PL excitation, the excess energy is not sufficiently large to ionize valence

processes.
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Figure 4.9 (a) Fowler-Nordheim plot of Ig-Vq relationship at temperatures
ranging from 77 to 240 K. The turning point in the plot coincides with the
threshold voltage (Vth) for light emission. (b) EL spectrum at a high bias
voltage (Va4 =7 V). A and B denote emission due to A and B excitons arising
from spin-orbit-split valence bands as shown in the inset. (c) Band diagram of
the FLG/hBN/WS; heterostructure for V4 = 0 and Vg > Vi,
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Luminescence in unipolar semiconductors followed by impact

ionization is known to occur in conventional semiconductors'?,

Typically,
energetic majority carriers are injected and accelerated before ionizing valence
electrons and generating e-h pairs. The first EL observed in unipolar
monolayer MoS; was attributed to such effects®® . Impact ionization by
energetic minority carriers is fundamentally different in that single ionization
event results in generation of two e-h pairs or excitons as schematically
described in Figure 4.10. Excitation by photons having energy smaller than
2Eq yields maximum of a single e-h pair per photon in linear regime (Figure
4.10 (a)) while similarly, impact ionization by energetic majority carriers with
Eexs < 2Eg yields a maximum of a single e-h pair per carrier (Figure 4.10 (b)).
In contrast, energetic minority carriers can excite e-h pairs and also bind with
a majority carrier to form extra pairs, thus yielding more than one e-h pair per
carrier (Figure 4.10 (c)). Conventional forward-biased MIS-type Schottky
light emitting diodes operate on a similar principle of minority carrier
injection!?, However, large majority carrier tunnel current prevents injection

of energetic minority carriers at high biases, often severely limiting their

efficiencies.
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Figure 4.10 Exciton generation mechanisms in n-type WS> monolayer. (a)
Generation of a single trion and emission following absorption of a photon
having energy slightly greater than the semiconductor band gap. (b) Impact

ionization by an energetic electron followed by generation of a single trion. (c)
Impact ionization by an energetic hole followed by generation of two trions.
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4.4 Conclusion

In summary, efficient light generation by the MIS-type vdW heterostructure
reported here is enabled by the unique properties of each layer: FLG offers a
reservoir of holes; hBN serves as a quasi-vacuum layer in which high voltages
can be applied to accelerate holes over a few-nanometer distance; and WS>
serves not only as a light emitting layer but also an efficient electron transport
layer in which carrier multiplication effects are expected due to strong
confinement. Even though there have been results taking advantage of similar
structure as ours, like the light emitting quantum well device, our devices
show higher efficiency and low turn-on current density. That is because we
deliberately chose the thickness of boron nitride, so that the tunneling current
could be well controlled and the generated electrical field is large enough to
trigger impact ionization. Carrier multiplication by impact ionization in
quantum dots has generated significant interest during the past decade due to
its potential application in solar energy harvesting®°. Besides, in the F-N
tunneling dominant regime, there are few electrons tunneling through the BN
barrier, because the valence band offset between graphite and BN is much less
than the conduction band offset between WS> and BN. Our results indicate
that these ideas can also be applied to light emitting applications and offer
prospects for realizing EL devices with >100 % efficiencies. We believe that
vdW MIS diodes consisting of vdW layers are an ideal platform for the
exploration of hot carrier effects and realization of unconventional photonic

devices.
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5 Conclusion and outlook

Throughout this thesis, we explored the potential for using 2D sheets of
TMDs and their heterostructures for electronic and optoelectronic devices.
Unlike convention semiconductors, some fundamental aspects of doping,
charge injection and transfer are yet to be fully understood despite recent
significant efforts. In chapter 2, we showed that ambient air molecules induce
unintentional p-type doping in TMD nanosheets by measuring FET behaviors.
We further showed that ozone molecules, which are strong oxidizing,
considerably enhances P-type doping effect, resulting in significant increase of
hole conductance. The reversible ozone doping reduces not only the sheet
resistance but also contact resistance without degrading the intrinsic mobility
of TMD FETs. We demonstrate that the observed p-type doping is due to non-
covalent charge transfer between WSe, and the H>O/Os redox couple and that
water plays an essential role in the doping process. The air-stable efficient
doping by ozone provides easier access to the high doping regime of WSe>
transistor. However, the doping effect is lost when ozone molecules
decompose and desorb from the TMD surface. Charge transfer by a redox
couple is a highly versatile approach to inducing doping in 2D TMDs.
Therefore, it is important to explore other stable oxidizing and reducing agents
to achieve long-term doping. It is also crucial to demonstrate spatially
selective doping to achieve p-n junctions in desired regions of 2D

semiconductors.

In Chapter 3, we first studied photo-induced charge transfer in hetero-

structure of MoS; and WSe; via PL spectroscopy. The quenching of PL in the
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heterostack region and an emergence of a new low energy peak due to
interlayer indirect transition reveals the formation of type Il heterojunction,
which is desirable for solar cells. Next, we turn to the heterostack of
multilayers and investigated photovoltaic effects. The multilayer
heterojunction exhibits “anti-ambipolar” behaviors, low current density and a
power conversion efficiency of 0.0148%. We attribute the poor photovoltaic
performance to large resistance of the two layers owing to low carrier density.
Therefore, we propose an improved device structure by the insertion of a
multilayer MoS; between the contact and WSe,. The new structure
demonstrates an ambipolar gate dependence and significantly enhanced lsc.
Both Isc and Vo exhibit gate and incident laser power dependence. The highest
PCE of our solar cell is estimated to be around 1 % under monochromatic
focused laser illumination at 532 nm. Finally, we reported on the effects of
parallel shunt resistance and series resistance on the shape of IV curve and
filling factors (FF). While the new device structure substantially enhanced
PCE, the efficiency is strongly limited by low FF. These devices exhibit
reasonable PCE but only within small gate voltage windows. For the
development of practical photovoltaic devices, a robust pn junction needs to

be formed without relying on external electric fields.

In Chapter 4, we report efficient light generation from a MIS-type
structure by heterostacking of few-layer graphite (FLG), thin layers of hBN
and monolayer WS,. In this heterostructure, FLG plays the role of hole
reservoir; the insulating hBN serves as a hole transport layer which allows
only holes to pass under sufficiently large bias; and WS> with a direct band

gap serves not only as a light emitting layer but also an efficient electron
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transport. Our temperature-dependent electrical measurement demonstrates
that the carriers are injected by F-N tunneling through BN. Due to the lower
VBM between graphite and BN than CBM between WS, and BN, there are
few electrons tunneling through BN. That is why the turn-on current density is
very low. Our devices show higher efficiency around 13% at low temperature
and high ratio between EL and PL at the same generation rate. That is because
we deliberately chose the thickness of boron nitride, so that the threshold
voltage and the generated electrical field are large enough to trigger impact
ionization and carrier multiplication. Recently, Ali Javey’s group reported PL
quantum yield of monolayer TMDs could be strongly enhanced by defect
passivating chemical treatment. We envision that the quantum efficiency of
monolayer light emitting devices could be further enhanced by such treatment

or use of high quality materials.

This thesis discussed various aspects of TMD-based electronic and
opto-electronic devices. Our findings suggest that it is essential to establish
robust doping schemes and growth of high quality materials for the
development of practical devices. Further efforts are needed to understand the
limiting factors in lateral and out-of-plane carrier conduction in these devices

and optimize device performances.
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