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Abstract

In the last decade or so, layered materials have attracted significant attention due to
their promise for tailoring electronic properties at an atomic level. Individually, these
materials have exhibited strong attributes, relevant for both electronic and optoelec-
tronic applications. However, the real world implementation of semiconducting mate-
rials is often derived from the junctions they form with other semiconductors. Thus,
much of the interest in 2D materials arises from exploiting their ability to form low
dimensional heterostructures. From a structural stand point, there are two ways these
heterostructures can be formed, either vertically or laterally. The more common, ver-
tical heterostructures, are intriguing due to their van der Waals adhesion, which elimi-
nates many of the constraints attributed to lattice matching between materials. Lateral
heterostructures, on the other hand, provide the unique opportunity to form in-plane

junctions within a 2D sheet, creating novel 1D interfaces.

To better understand these various heterostructures, this dissertation aims to explore
photocarrier dynamics, using ultrafast laser spectroscopy techniques, in several types
of structures yet to be extensively studied. First, charge and energy transfer mecha-
nisms in vertical heterostructures formed between various transition metal dichalco-
genide monolayers are studied, highlighting the addition of type-I band alignment to
the discussion. Next, the extent to which materials can interact electronically through
van der Waals adhesion is explored at the interface between amorphous and crystalline

layers.

From there, the focus shifts slightly to carrier dynamics across lateral junctions formed

within monolayer sheets of transition metal dichalcogenides. This includes a discus-
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sion on lateral heterostructures, formed between different materials, as well as ho-
mostructures where an electronic junction can be induced in a single material. All of
these studies will provide a unique overview on the possible directions and applica-

tions for which two dimensional materials can be facilitated.

This dissertation includes previously published authored material.
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Chapter 1

Introduction

1.1 Two-Dimensional Materials

The discovery of graphene!™ has created an exponentially growing interest in 2D materials®,
such as the transition metal dichalcogenides (TMDs), transition metal oxides, hexagonal boron
nitride (hBN), phosphorene, silicene, germanene, efc. Various 2D materials help cover a whole
gamut of electronic structures from insulating to superconducting. Hexagonal boron nitride for
instance is known to be insulating with a band gap around 6 eV and is commonly used as an
ideally flat substrate or tunnel barrier %! Most of the TMDs, like MoS,, MoSe,, WS>, WSe,,
etc., are semiconductors. With band gaps in the visible to near infrared (IR) range (1-2 eV),
they are being explored for uses in a wide variety of electronic and optoelectronic applications '2.
There has also been a fairly recent surge in studies on graphene analogues, where the 2D lattice is
comprised of only one element like phosphorene '3, silicene, and germanene. Similar to graphene,
these allotropes of their respective elements have shown promising electronic properties. However,
unlike graphene, they more commonly exist in metastable forms making them difficult to study 4.
Although it does not exhibit quite the prestige of graphene in attributes like electronic mobility
and ambient stability, phosphorene does possess a sizeable band gap, making it more desirable for
logic device applications .

In general, these atomically thin materials possess several unique features that make them
attractive for both fundamental research and applications. First, as the number of atomic layers

approaches zero, the electronic structure of most 2D materials, namely graphene '®, the TMDs 1718,

and phosphorene'®, show a strong layer-dependence. One of the most notable effects is in the



electronic band structure of the materials. Monolayer graphene for instance is known to be a semi-
metal as it has a zero band gap, but actually exhibits the ability to open up a slight gap in bilayer?".
Most of the TMDs have been found to exhibit a transition from an indirect band gap, in two or

more layers, to a direct band gap in monolayer?!. Changing the thickness of the TMDs can also

22;23 24-26

strongly affect second-order nonlinear optical properties as well as spin-valley coupling
This is due to the altered crystal symmetry (i.e. inversion symmetry) that results from the presence
of additional discrete layers. These allow for the control of electronic and optical properties by
changing the sample thickness.

Secondly, the atomic thickness is also important as the material is thinner than the typical
Coulomb interaction length, allowing a significant part of the electric field between charge car-

riers to leak to the surrounding area. This reduces the dielectric screening which can result in

an enhancement of the interactions between charge carriers. Ultimately this causes an orders-of-

2 30;31

magnitude increase in exciton?”28  trion?°, and bi-exciton binding energies , as well as effi-

cient carrier thermalization32, relaxation>2, and exciton formation33:34, The leaked field also pro-
vides opportunities to control the electronic and optical properties of 2D materials by manipulating

their surroundings>>37

. For instance, relatively large differences in observed optical bandgaps in
TMD MLs has been shown to be a result of their surrounding dielectric environment33. Also a
product of their ultimate thinness is the exhibition of a large Young’s modulus, allowing these ma-
terials to sustain large amounts of strain without fracturing. This leads to much promise for flexible
device applications3%40.

Third, the van Hove singularity that commonly exists in 2D materials results in exceptionally
high optical absorption, which is attractive to many optical and optoelectronic applications**42.
This high efficiency light absorption can lead to large power densities in solar cell applications,
potentially orders-of-magnitude larger than in silicon and GaAs*3.

Fourth, the van der Waals interlayer bonding results in a near-perfect surface without dangling
bonds. This helps reduce scattering achieving high charge mobility3® and long spin lifetimes**.

As will be explained in the next section, this is also of great importance for semiconducting het-



erostructures where different layers are stacked together.
Overall, these features make 2D materials not only an ideal platform to explore new physics in
low-dimensions, but also attractive candidates for near-future electronic and optoelectronic appli-

9

45:46 , solar cells*?, photodetectors4 ,

47,48

cation, such as field-effect transistors , integrated circuits

and light-emitting diodes>%2.

1.2 Heterostructures in Flatland

Although 2D materials are attractive to fundamental research and applications as individual ma-
terials, one of the most intriguing aspects is that they provide a new route to fabricate multilayer
structures>>. Such multilayers are formed by combining several 2D materials with certain stack-
ing orders via interlayer vdWs interaction. This virtually eliminates any constraints due to lat-
tice matching, allowing for an expanded degree of freedom when forming these heterostructures.
Hence, this new approach can produce a vast number of new materials for many applications, and
can potentially transform material discovery>+>.

The inert 2D nature of these materials and vdWs interaction addresses a number of drawbacks
found in conventional heterostructures. In principle, these multilayers are free from interfacial
defects, experience no interlayer atomic diffusion, and endure little to no lattice strain from in-
teractions with other layers. This makes for not only less constrained matching of materials, but
also more pristine junctions. An example of a vertical heterostructure between graphene and a
monolayer TMD is shown in Fig. 1.1. Figure 1.1(a) shows the side view of the heterostructure
highlighting that there is no interlayer bonding and actually a small gap between the layers. A top
view of the heterostructure is shown in Fig. 1.1(b). Here, a clear Moiré pattern is seen, creating
larger hexagonal patterns in the overall lattice. Several studies have reported on the importance of

these patterns and the formation of superlattices %8

in hBN-graphene heterostructures.
In addition, the vdWs multilayers are still thin compared to more traditional heterostructures
and thus remain rather flexible, withstanding relatively high levels of applied strain. They are also

chemically stable as there is no physical bond between layers to alter their individual chemistry.
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erostructure. (b) Top view of the heterostructure showing the overlap of the honeycomb hexagonal

Figure 1.1: Schematic of a TMD-Graphene vertical heterostructure. (a) Side view of the het-
lattices of the two materials.
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Figure 1.2: Number of publications by year according to the Web of Science on the topics of
"Two-Dimensional" and "Heterostructures" (Red). The blue and yellow data represents the number
of publications within the realm of 2D heterostructures for transition metal dichalcogenides and
graphene, respectively.

This holds true when forming a heterostructure between a 2D layered material and non-layered
material. Their fabrication is compatible with current thin-film technologies with advances in
chemical vapor deposition (CVD) and epitaxial growth of different materials.

With these promising attributes, the study of 2D heterostructures has gained a lot of momentum
in recent years. According to Web of Science, publications each year on this topic from 2010
to 2017 have grown roughly exponentially as seen in Fig. 1.2 (red). In the last few years, a
large number of these efforts involved graphene (yellow) and/or TMDs (blue) (~50%). Combining
graphene with TMDs is beneficial for optoelectronic applications since the former can serve as
electrodes™® while the latter, functions as the light absorption or emission layer*?. Low-resistance

contacts between graphene and TMD have also been achieved ®%:6!

Various applications of this heterobilayer have been explored, such as photodetectors®64,

6

photovoltaic devices*1:02 field-effect transistors®-98, memory devices 9 and vertical tunneling



transistors’?. Techniques for scalable growth of graphene-TMD heterobilayers have also been
developed’!=73. The study of TMD-TMD heterobilayers can provide valuable information on
van der Waals interlayer coupling, and achieve tuning of the optical and transport properties of
these materials. Most TMD-TMD heterobilayers form type-1I band alignments, where the lowest

conduction band and highest valence band are separated in the two layers’*77. This facilitates

78;79 80;81

interlayer charge separation , extended photocarrier lifetime , and the formation of p-n

junctions®%83. Recent studies have revealed potential applications of TMD-TMD heterobilayers

8486 quantum light emitters®’, photovoltaics®®, and light-emitting diodes®’.

for valleytronics

Also of increasing interest in this field are lateral heterojunctions formed within a single 2D
layer. In this case, different materials are either grown in succession where one material is grown
first and a second materials growth process expands the sample outward. Other methods utilize
lithography techniques along with different types of atom changing methods. With the TMDs, this
can be either or both, metal changing i.e. Mo <+ W, or chalcogen changing i.e. S <+ Se. With a
physical junction size of <10 nm, lateral heterostructures in this context have been shown to have
strong current rectification®, increased photoluminescence at the junction, and light harvesting

ol A depiction of an ideal lateral heterostructure between ML TMDs is shown in

applications
Fig. 1.3 with (a) showing a side view and (b) a top view. In this case, the metal atom (blue)
remains constant throughout, whereas the chalcogen atom (yellow to red) changes at the junction.
In practice, there would be more cross-over with the chalcogen atoms, leading to about a 5-10 nm
region where both chalcogen atoms are interspersed.

Finally, emerging as another promising manipulation of charge carriers in these materials is the

formation of lateral homojunctions. Here, by methods such as electronic gating*>~%*

, chemically
doping®, or changing of the dielectric environment in different areas of a single sheet of a ma-
terial °, lateral semiconducting junctions are formed. For example, the lateral junction between
semiconducting and metal MoS, (Nb-doped) has been shown to create Schottkey-free edge con-

tacts?’. Several studies have shown the ability to modulate the electronic structure in monolayer

TMDs using dual-gate environments. Often times this will create current rectification through the
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Figure 1.3: Schematic of a TMD-TMD lateral heterostructure. (a) Side view of the heterostructure.
(b) Top view of the heterostructure.

formation of an n-n+ type of junction, but in ambipolar materials, p-n junctions can form. This has
been shown to create different functionalities, such as light harvesting and emission, from a single
material device >4,

As previously highlighted, changes to the dielectric environment can inhibit large alterations to
electronic properties in these 2D materials. Thus, lateral homostructures can be created in mono-
layers with laterally diverse substrates or at a lateral interface between a covered and uncovered

area. For instance, scanning tunneling spectroscopy studies have shown type-I band alignment and

band bending at the interface between monolayer and bilayer in several TMDs*®.

1.3 Charge and energy transfer in van der Waals multilayers

One key process for achieving emergent properties in van der Waals multilayers is effective trans-
fer of charge and energy between different layers. As discussed in the previous section, the weak

vdWs adhesion allows for the a pristine interface between layers that also keeps the unique prop-
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Figure 1.4: The three types of band alignment that dictate charge transfer in semiconducting het-
erostructures. (a) Type-I band alignment, where the CMB and VBM are both on the same side of
the junction causing both carrier to transfer in the same direction. (b) Type-II alignment where the
CBM and VBM are located on different sides causing charge separation. (c) Type-III alignment
where the CBM of one material is below the VBM of the other. This often results in tunneling
mechanisms across the junction.

erties of each material intact. This is because there is no physical bond between the materials at
the interface. Ultimately, this has led many to treat these heterostructures as near perfect semi-
conducting junctions and utilize Anderson’s Rule as predictor of charge transfer. Anderson’s Rule
simply treats the alignment of the respective energy bands with regard to the material work func-
tion or electron affinity relative to a common vacuum level. This, then, allows three types of band
alignment, as shown in Fig. 1.4.

Type-1I band alignment is created when the conduction band minimum (CBM) and valence
band maximum (VBM) are both contained in the same material. This results in both types of
charge carriers to transfer to the smaller band gap material. Type-II alignment occurs when the
respective CBM and VBM of the two materials straddle each other as shown in Fig. 1.4(b). This
alignment facilitates charge separation at the junction. Finally, type-III band alignment is the result
of largely differing work functions between the materials resulting in the CBM of one materials
to be lower than the VBM of the other. Here, any charge transfer is typically a result of tunneling
mechanisms.

Although charge transfer is of great importance in heterostructures, it is also pivotal to discuss
the role of energy transfer in these systems. This is especially true when considering interactions

between two layers that have no net charge transfer. Figure 1.5 shows two main pathways for the
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Figure 1.5: Types of energy transfer across semiconducting junctions. (a) Example of a Forster-
type energy transfer process. The pink arrows represent the recombination process in one layer
that leads to the excitation in the other (b) Example of a Dexter-type energy transfer process. Here,
electrons and holes can move across the junction as a bound pair.

energy transfer between monolayers, Forster-type energy transfer (ET)“%, and Dexter-type energy
transfer®%190_ Forster-type energy transfer (Fig. 1.5(a)) occurs via nonradiative dipole-dipole cou-
pling in the two layers. Here, an electron-hole pair (or exciton) in the first layer recombines non-
radiatively, transferring the energy to the other layer. This leads to the excitation of an electron-hole
pair in the second layer. With the band alignment shown in Fig. 1.5(a), this process is likely to be
followed by a hole transfer process toward the first layer.

Dexter-type energy transfer involves the sequential or simultaneous transfer of both carrier
types, as shown in Figure 1.5(b). This is the same process that results from type-I band alignment,
shown in Fig 1.4(a). However, the transfer of opposite charges results in no net charge transfer,
and thus the collective movement of an electron-hole pair leads to the transfer of energy from one
material to the other. This effect mimics Forster-type energy transfer, albeit with different physics
mechanisms.

The charge and energy transfer processes are expected to play key roles in van der Waals

multilayers for electronic and optoelectronic devices because they are basic elements for coupling

different layers. As the first step towards understanding these processes, charge and energy transfer



in heterobilayers formed by TMDs and graphene have been studied by femtosecond transient ab-

78,79:101-103 4 steady-state optical spectroscopy measurements 419> by several groups

sorption
(including us). Based on these studies, the following experimental knowledge appears to be estab-
lished: First, between two TMD monolayers that form a type-II band alignment, interlayer charge
transfer occurs on a time scale shorter than 100 fs’8:79:101:102:104 © gacond, charge transfer is not
strongly dependent on the twist angle®:103%104 Third, energy transfer occurs on a 1-ps time scale,
and makes a minor contribution when charge transfer is efficient 194105,

The highly efficient interlayer charge transfer observed in these studies is encouraging news
for the development of van der Waals multilayers for electronic and optoelectronic technologies.
However, the physics mechanisms of charge and energy transfer are yet to be well understood. A
number of theoretical models have been proposed to explain the ultrafast charge transfer process:
First, delocalization in momentum space due to strong localization in real space may help fulfill
in-plane momentum conservation requirements '°®. Second, quantum coherence at the interface
can help overcome the Coulomb attraction !%7. Third, the interlayer coupling between some states
can be enhanced by the Coulomb field from initially transferred charges!%®. Lastly, intervalley
scattering of carriers from layer-uncoupled to layer-coupled states can assist charge transfer!'%”.
These models are plausible and have established a foundation for ultimately understanding this

process. However, more experimental studies that reveal different aspects of charge and energy

transfer, and identify dominant mechanisms under different conditions are highly desired.

1.4 Overview of Dissertation

The previous sections provided an overview of the key topics that will be present throughout this
dissertation. Better understanding the mechanisms behind charge and energy transport in these
novel materials is of great importance to establish their viability for future applications. Ultimately,
the studies that follow will explore the dynamic processes of photocarriers within a wide variety
of 2D heterostructure systems.

The physical basis for these studies with be discussed in Chapter 2. I will devolve into the

10



different experimental methods for characterizing these ultrathin materials, as well as how we study
different aspects of carrier dynamics in these systems. Mainly, I will discuss the physics of light-
matter interactions and the variations of transient absorption microscopy experiments employed to
study the dynamics of injected photocarriers.

Chapter 3 will look at a few studies involving vertically stacked 2D heterostructures. This
will begin with a photoluminescence study on a MoSe,;-WS, heterostructure where we observe
the formation of charged excitons, also known as trions, which pointed towards charge separation.
Next, I will explore two more studies on heterostructures that were found to exhibit type-I band
alignment, MoS,-ReS, and WSe,-MoTe,. Here, we used transient absorption microscopy to study
the resulting exciton transfer from the larger gap material to the smaller gap material.

The next chapter will explore another vertical heterostructure that is truly unique to the realm
of 2D materials, that between a monolayer crystalline semiconductor and an ultrathin amorphous
semiconductor. In this study, we look at carrier dynamics in an heterostructure formed by stacking
monolayer WS, on top of amorphous black phosphorus (aBP). As a new material, we first study
the carrier dynamics in samples of aBP with different thicknesses. With a varying band gap that
is found to be inversely related to thickness, we focus on the interaction between the thinnest aBP
sample and ML WS,.

Finally, Chapters 5 and 6 concentrate on carrier dynamics in different lateral 2D structures.
Chapter 5 looks at observed exciton transport across a MoS;-MoSe; lateral heterojunction, which
is formed by a combination of lithographic patterning and a chalcogenide changing process. In
Chapter 6, we explore the carrier dynamics in lateral homojunctions formed in ML MoSe, by
modifying the dielectric environment in part of the sample. In this case, we place relatively thick
layers of hBN on portions of MoSe; flakes in an attempt to increase dielectric screening which can
impact the energy landscape within these monolayers. It is expected that this modification should
create a lateral semiconducting junction at the interface between covere and uncovered MoSe,.
Chapter 7 will provide a summary of these studies and elaborate on some potential future outlooks

for the field.
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Chapter 2

Experimental Techniques

Before diving into the actual studies performed on different heterostructure samples it is important
to provide justification for the experimental methods. This chapter will focus on the methods used
to study carrier dynamics in these 2D materials and heterostructures. In section 2.1, the process
of photoluminescence (PL) spectroscopy is described. Next, the techniques behind time-resolved
pump-probe spectroscopy are discussed in section 2.2. This is expanded in section 2.3, to include
a spatial resolution component to these experiments. Finally, a discussion of the main dynamic
processes observed from the methods in 2.3, diffusion and drift transport, are highlighted in 2.3.1

and 2.3.2, respectively.

2.1 Photoluminescence Spectroscopy

To study general trends of energy relaxation in these ultrathin systems, we often utilize photolu-
minescence (PL) spectroscopy. PL is a process in which photons excite carriers in a material to a
higher energy state and the subsequent relaxation results in photon emission. Typically in semi-
conductor materials, these excited free carriers quickly and non-radiatively relax to the conduction
band edge, where they form excitons. The recombination of these excitons results in photon emis-
sion with an energy consistent with the optical band gap of the material. This optical band gap
is often slightly lower than the electrical band gap due, in large part, to the binding energy of the
excitons 0. Tt is also important to note that PL is best used to study direct gap materials, where
the VBM and CBM are at the same position in momentum space. The need for phonon assisted

momentum transitions can greatly suppresses photon emission in indirect gap materials. Excitons
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Figure 2.1: Energy and momentum transitions for photoexcited carriers for (a) direct gap and
(b) indirect gap materials. The curved arrows represent photons, either excitation photons (blue)
or emitted photons (red). The more squiggly arrows (yellow) represent phonons which assist in
momentum transition in materials with indirect band gaps.

are also less stable in indirect materials, making them more susceptible to decay back into free
electrons and holes where they are more likely to non-radiatively dissipate their excited state en-
ergy 1. This is shown in Fig. 2.1, with (a) showing the process for direct gap materials and (b)
the phonon assisted indirect transition.

For TMD samples, this plays an important role in determining if a sample has ML thickness as
many of these materials transition from a direct gap in ML to indirect in 2 or more layers?i!11, A
strong PL yield is often a fast and easy way to confirm monolayer thickness and quality of these
ultrathin samples.

An example of a typical PL setup is shown in Fig. 2.2. Here, a monochromatic light source,
typically a diode laser, is focused onto the sample through an objective lens. The reflected beam
along with the resulting PL emission are then collimated though the same lens and sent towards

a spectrometer. Before reaching the spectrometer, the reflected beam from the pump is filtered

out using appropriate optical filters. In the spectrometer, a grating separates the PL spectra into
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Figure 2.2: Schematic of a typical PL experimental setup.

wavelength ranges where it is then collected by a thermoelectrically cooled charge-coupled device

(CCD) camera.

2.2 Time Resolved Pump-Probe Spectroscopy

The bulk of the projects contained in this dissertation utilize time resolved pump-probe spec-
troscopy techniques to study different aspects of carrier dynamics in these 2D systems. This in-
volves two ultrashort laser pulses focused onto the sample. Figure 2.3 outlines the mechanism
behind this type of experiment. In a typical experiment, the pump photon energy will be larger
than the gap energy of the material and the probe will be tuned to the exciton resonance, which is
typically near the optical band gap of the material. When the pump pulse reaches the sample, these
photons excite electrons from the valence band to higher energy states in the conduction band.
After a short thermalization process and energy relaxation, these carriers settle near the conduction
band edge at which point they form excitons with the holes remaining in the valence band. The
probe, with an energy that can only excite carriers to the band edge, will be mostly reflected when
a significant portion of these excited states near the band edge are filled from the pump. As the
excitons recombine, they free states in the conduction band. This allows more of the probe photons

112

to be absorbed, decreasing the reflection”'~. We track the differential reflection of this probe pulse

as a function of the relative time delay between the arrival of the pump pulse and the probe pulse.
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Figure 2.3: Schematic of the mechanism behind time resolved pump-probe experiments. Red
arrows represent the probe photons and green arrows the pump photons. The blue and red circles
represent electrons and holes, respectively (a) Early delay times, before the pump reaches the
samples. Probe photons are mostly absorbed by the material in the form of excited electrons. The
red dashed arrows represents these excitations. (b) The system just after the pump reaches the
sample. The electrons are excited to the conduction band (green dashed arrows). With no available
states near the band edge, the probe is mostly reflected. (c) Later delay times where the electron-
hole pairs recombine, freeing up states in the conduction band allowing for some probe photons to
be absorbed.

AR _ R_RO, where R and R represent the reflection of the

This differential reflection is defined as, R = Ry

probe with and without the presence of the pump, respectively.

Although a relatively simple process, there is a lot that goes into creating such an experiment.
A generalized setup for this type of experiment is shown in Fig. 2.4. The process for creating the
pump and probe beams is outlined in Fig. 2.4(a). Here, a continuous wave, 532 nm, pump laser is
used in conjunction with a tunable, mode-locked, Ti:Sapphire oscillator to create ultrashort pulses,
as short as <100 fs, at a wavelength typically between 750 nm and 850 nm. This beam can then
be used in a number of different ways to generate the desired pump or probe beams based on the
samples and conditions being studied. If longer wavelengths, in the infrared (IR) range are needed,
part of the output can be directed to a synchronously pumped parametric oscillator (SPPO), which
can be tuned to an output between 1.1 gum and 2.6 um. In some cases, we use a barium borate

(BBO) crystal to double the frequency of the output from either the SPPO or Ti:Sapphire. We
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Figure 2.4: Setup for time resolved pump-probe spectroscopy. (a) Schematic of the process to
create the ultrafast pump and probe beams. (b) Schematic of the overall experimental setup.

can also use the Ti:Sapphire output to pump a nonlinear photonic crystal fiber, which generates a
supercontinuum. A band pass filter can then be placed after the fiber to select a desired wavelength
from this broad spectral output.

Some combination of these outputs are then used as the pump and probe pulses for the ex-
periment. One of these beams is sent to a set of mirrors or a retroreflector that is attached to a
motorized delay stage. This allows for control of the relative path length between the pump and
probe beams. In turn, this path length difference correlates to a relative time delay between the
arrival of each pulse.

The incident power of each beam is controlled using combinations of half wave plates (1/2)
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and polarizers. An objective lens is used to both focus the beams onto the sample, as well as collect
and collimate the reflections. This reflection is sent through a beam splitter with a small portion of
the beam sent towards a CCD camera in order to track the position of the laser spots on the sample.
The remaining portions of the beams are sent to a photo-detector. Before reaching the detector,
optical filters are used to block the pump beam so only the reflection of the probe is measured. This
is important, as we want to observe how the pump affects the probe reflection. Thus, the pump
is sent through a mechanical chopper before reaching the sample. The chopper is connected to a
lock-in amplifier which filters out contributions without the chopped frequency. This allows us to
directly measure the portion of the probe reflection that is influenced by the pump.

We then track this differential reflection signal as function of delay stage position. This can be
translated into a delay time by simply using the speed of light and the relative path length change.
As explained earlier, over time, excitons excited by the pump will recombine, opening up more
available states for probe photons to be absorbed, subsequently reducing the reflection. This results
in a measured signal that decays with increasing delay time as a result of exciton recombination.
We can, thus, measure the recombination mechanisms and how the carrier distribution evolves over
time.

For heterostructure samples, we can choose appropriate pump and probe wavelengths to ob-
serve dynamics specific to the different materials. As will be discussed in later chapters, this can

provide insights into both the charge and energy transfer across material boundaries.

2.3 Spatiotemporally Resolved Pump-Probe Spectroscopy

In addition to temporally resolving the differential reflection of the probe, it can also be measured
as a function of pump position to spatially resolve the carrier dynamics. Here, the probe spot is
left stationary to keep the reflection, Ry, constant. The pump spot is then moved across sample by
rotating the beam splitter that directs the pump beam into the objective lens. This beam splitter
is equipped with pico-motors, allowing for very precise movement of the pump spot. At each

position of the pump, the differential reflection is measure as a function of the delay time. This

17



(a)

(b) —

Pump/Probe Separation

Figure 2.5: (a) Schematic of the how the carrier distribution is resolved spatially. (b) Sample spatial
profiles of the differential reflection based on this measurement technique. The blue, purple, and
red curves represent the expected evolution of these profiles for later delay times (¢ > #, > t3). The
width of the distribution is expected to increase over time as carriers diffuse outward.

general concept is shown in Fig. 2.5. The blue and red circles in (a) represent the focused pump
and probe laser spots, respectively. An depiction of the measured spatial profiles at different time
steps is shown in (b).

Ultimately, the measured spatial profile represents the convolution of the probe spot and the

carrier density distribution. This can be represented by,

S(r) = / PLON(x— ,)d., @0

where P(x) is the spatial shape of the probe (typically Gaussian), N(x,#) is the injected carrier

density as a function of space and time, and u is the position of the pump relative to the probe.

1

If both profiles are Gaussian, then the resulting convolution is also Gaussian'!3 with a convoluted
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width,

ws = v/ wp2 +wn?2. (2.2)

This type of experiment can provide insight into a couple different mechanisms related to
the carrier dynamics. In uniform samples, we can observe the diffusion of the injected carrier
distribution and in non-uniform samples, as with lateral heterostructures, this method can be used

to gain insight into the channels of drift transport. Each will be explained in more detail below.

2.3.1 Photocarrier Diffusion

Typically, in isotropic samples without any external fields present, the transport of injected carriers
is dictated strictly by the density gradient. With an initial Gaussian profile, consistent with the
shape of the pump spot, the carrier distribution will spread radially outward from the injection
site %115 This is a simple diffusion process that follows the diffusion equation,

ON(r1) _  I*N(r1)

ot or? '’

(2.3)

where D is the diffusion coefficient, which is assumed to be a constant with dimensions of area
per time. In uniform 2D samples, the injection depth of the laser spot is far greater than the
sample thickness and thus allows us to consider only planar diffusion. If this diffusion is then
also isotropic, we can mathematically treat the injected carrier density in 1D, with a Gaussian
distribution,

No _

N(X,l) = me 2 ; (24)

with w(r) representing the time-dependent width of the distribution. It can be shown that the

squared width depends linearly on time as,
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w? (1) = wi +2Dr, (2.5)

satisfies the diffusion equation, with wy being the initial width of the distribution. This can then be

translated to a FWHM by,

FWHM = 2/2In(2)w, (2.6)

making the squared width,

w?(t) = wg + 161n(2)Dt ~ w3 + 11.09Dx. (2.7)

We can then track the squared width of the measured spatial profile as a function of the delay
time to find the diffusion coefficient for injected photocarriers in the sample. It is important to note
that this treatment of the diffusion process does not take into account the recombination rate of
the injected carriers. Ultimately, any decay of the signal due to recombination does not affect the
spatial component of the distribution. This leaves the width of the distribution unchanged by the
recombination process.

The extracted diffusion coefficient, D, along with the photocarrier lifetime, 7, can then be used

to infer other material properties. The diffusion length can be found by,

L=+/Dr. (2.8)

Important to electronic applications is the carrier mobility as it is essentially a measure of how well
carriers move within a material. The diffusion coefficient is related to mobility by the Einstein
relation,

D kgT

Hu e

with kp being the Boltzmann constant, 7' the sample temperature, and e the elementary charge.
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2.3.2 Photocarrier Drift

In the case of non-uniform samples or when there is an externally applied electric field, many of the
assumptions used in the previous section no longer hold. In many regards, this is because there are
now different mechanisms present. For example, in photodiodes and photovoltaic (PV) devices,
there is an applied voltage across the material that leads to charge separation of injected electron-
hole pairs. These separated charge carriers then travel in opposite directions to their respective
terminals. This type of transport is dictated by the electric field as compared to the density gradient,

and is called drift transport. The drift velocity can be found by,

vy = UE (2.10)

where U is the carrier mobility, and E is the electric field strength.

Another type of drift transport can occur with Dexter energy transport processes, where both
types of charge carriers move in the same direction across a junction. Here, it becomes exciton
drift as a result of the built-in potentials within the structure. Both of these drift mechanisms
can be observed by spatiotemporally resolved pump probe experiments as outlined in Fig. 2.6.
The experimental setup, in this case, is exactly the same as in the previous subsection. The only
difference is that now the carrier distribution undergoes a drift process that causes it to move over
time. Fig. 2.6(a) shows how the distribution would be expected to change if there is roughly
uniform charge separation. Here, the different peaks would actually represent the movement of
electrons and holes separately. Fig. 2.6(b) depicts the case of exciton transport, where the bound
electron-hole pairs move in a singular direction.

In both cases, the distribution still undergoes a diffusion process and thus can be described by
the Fokker-Planck equation, which is often used to describe systems that undergo a combination

of drift and diffusion processes. In 1D, this equation is given by,

2
2 V)] = 2 (e INGE)] o (DN 1)) e
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Figure 2.6: Expected spatial profiles for a carrier distribution undergoing different drift transport
processes. (a) An applied electric field causes charge separation. The distribution will then split
with two peaks representing their respective carriers. (b) Exciton drift causes the whole distribution
to move in one direction.

where p(x,t) describes the drift process and D(x,¢) the diffusion process.
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Chapter 3

Vertical Heterostructures Formed by Monolayer TMDs

As discussed in Chapter 1, the most prevalent and widely studied type of heterostructure in flat land
is the layered, vdWs heterostructure. In these structures, different materials can be stacked on top
of one another, adhering only by the relatively weak vdWs force. One of the main advantages of
these heterostructures is the lack of chemical bonding at the interface, which allows for different
layered materials to be combined without much concern for lattice matching. This chapter will
look at studies involving 3 different TMD-TMD vertical heterostructures. The first explores trion
formation in a structure formed by stacking MLs of MoSe, and WS,. Here, common to most
TMD-TMD heterostructures, type-1I band alignment facilitates charge separation leading to trion
formation in WS,. Then, carrier dynamics are examined in two heterostructures that contain less
common TMD MLs. These two heterostructures, WSe;-MoTe; and MoS;-ReS,, are predicted and

found to exhibit type-I band alignment facilitating exciton transfer across their respective junctions.

3.1 Trion Formation in Type-II MoSe;-WS,; vdWs Heterostructure

One of the prominent features of TMD MLs is strong electron and hole interactions as a result of
reduced dielectric screening from the low dimensionality. This leads to strongly bound excitons
with large binding energies on the order of hundreds of meV 2728, Such strong Coulomb interac-
tions in these materials can also lead to charged exciton formation, known as trions. These trions
have been observed mostly at cryogenic temperatures, but can also be induced by gate-doping?®,
photoionization of impurities ', different substrates!!”, or functionalization layers''3. This sec-

tion looks at the formation of trions at room temperature in a vertical heterostructure formed by
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MLs of MoSe; and WS,. The type-1I band alignment between these layers facilitates charge sepa-
ration, resulting in excess electrons in WS,. The excited excitons and transferred electrons interact
forming these trions. This is observed by an addition peak in the PL spectra of the heterostructure,
not seen in isolated WS,. We also deduce a zero-density trion binding energy of 62 meV. This

study was published in the journal, ACS Nano !°.

3.1.1 Sample Fabrication and Characterization

For the samples fabricated in this experiment, monolayers of both MoSe, and WS, were exfoli-
ated onto flexible, transparent polydimethylsiloxane (PDMS) substrates. Monolayers were found
using an optical microscope and initially identified by optical contrast. Then, using a specialized
microscope equipped with long working distance objective lenses and micro-manipulators, the
monolayers are transferred to a Si/S10; substrate, one on top of the other. After stacking these
monolayers, as shown in Fig. 3.1, the sample is annealed at 200°C for 2hrs in an Ar/H; (100sc-
cm/5scem) environment with a base pressure of 3 torr. The annealing process helps to clear the
heterostructure of trapped contaminants, providing better coupling between the two layers. The
fabrication process is highlighted in more detail in A.1.

Using the sample described above, PL spectra were taken for both individual monolayers and
the overlapping heterostructure region. The sample was excited using a continuous-wave (CW),
405 nm laser and the resulting luminescence was collected by a Horiba iHR550 imaging spec-
trometer. Figure 3.2 shows the PL spectra of the aforementioned regions, WS, (blue), MoSe,
(red), and the heterostructure (black). The individual monolayers are found to have peaks at 1.58
eV (MoSe,) and 2.01 eV (WS,), and both have widths of about 50 meV. This is consistent with

120-125

previously reported values , and also confirms the ML thickness.

3.1.2 Results and Discussion

There are a few clear differences between the individual monolayer spectra and the heterostructure

spectrum. First, there is a huge quenching (factor of 23) of the WS, monolayer peak in the het-
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(a) MoSe, on PDMS (b) WS, on PDMS

(c) MoSe, transferred o SiO,/Si (d) MoSe,-WS, on SiO,/Si

Figure 3.1: Optical images of the MoSe;-WS, heterostructure sample at different steps of fabrica-
tion. (a,b) Images of the MoSe; and WS, monolayer samples on the PDMS substrates. (c) Image
of the MoS, sample after being transferred to a Si/SiO; substrate. (d) Image of the heterostructure
after the transfer of the WS, sample. The scale bars are 20 um. Reproduced with permission from
ACS Nano 2015 9 (6), 6459-6464. Copyright 2015 American Chemical Society.
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Figure 3.2: Photoluminescnece spectra measured from WS, (blue), MoSe; (red), and the het-
erostructure (black). Reproduced with permission from ACS Nano 2015 9 (6), 6459-6464. Copy-
right 2015 American Chemical Society.

erostructure, which is largely believed to be the result of efficient interlayer charge transfer across
the junction. There is also the peak of the indirect exciton, from the recombination of electrons in
the WS, layer and holes in the MoSe; layer. A slight broadening of this peak is from the quenched
MoSe, peak. Lastly, the additional bump next to the WS, peak is believed to be due to the forma-
tion of trions, and is the primary focus fo this study. As shown in Fig. 3.3, trion formation, often
referred to as charged excitons, are formed in the WS, layer as electrons are transferred from the
MoSe; layer.

The type-1I band alignment stimulates charge separation in the heterostructure leading to an
excess of electrons in the WS layer and an excess of holes in the MoSe; layer. The PL peak repre-
senting these trions is shifted from the WS, peak as a result of the extra binding energy associated
with the excess electron. To extract this binding energy and learn more about the suspected trion
peak, we excite the heterostructure with different pump powers, as shown in Fig. 3.4. Here, each
dataset is fit with a two Gaussian functions. The red and blue curves in each are the individual

Gaussian fits to the exciton and trion peaks, respectively, with the orange curve representing the
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Figure 3.3: Expected band alignment of the MoSe,-WS; heterostructure. Electrons in MoSe;
transfer to WS, creating bound trions. The resulting recombination of these particle clusters results
in a shifted peak in the PL. Reproduced with permission from ACS Nano 2015 9 (6), 6459-6464.
Copyright 2015 American Chemical Society.

cumulative fit.

From these fits we can reliably separate the trion peak from the exciton peak. The peak energy
as a function of the excitation power for the exciton and trion are shown in Figs. 3.5(a,b). Here, we
find with increasing the the excitation level that energies of both peaks decrease. The change in the
trion peak energy (E7) is noticeably larger than that of the exciton peak (Ex). Taking the difference
of the two, Ex — E7, we find that the separation increases linearly with excitation level, shown in
Fig. 3.5(c). This energy difference is known as the trion binding energy, and is the required energy
to separate the trion into an exciton and free electron or hole. The binding energy increases with
the excitation level, because the free charge needs to be released above the Fermi surface where
there are unoccupied states. Increasing the excitation level increases the Fermi surface, and thus
the binding energy as well.

From the linear extrapolation, we find a trion binding energy of 62 4+ 2 meV at zero excitation

power. This is slightly larger than previous reports on trions in WS, 121122 Tt is interesting to note
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Figure 3.4: Photoluminescence spectra measured from the heterostructure for different pump exci-
tation powers. The red and blue curves are Gaussian fits to the exciton and trion peaks respectively.
The orange curve is the cumulative fit from the two Gaussian functions. Reproduced with permis-
sion from ACS Nano 2015 9 (6), 6459-6464. Copyright 2015 American Chemical Society.
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Figure 3.5: Power dependent trends from 3.4 (a,b) The peak energy measured from the exciton and
trion peaks as a function of the excitation power. (c) The difference between (a) and (b). (d,e) The
height of the exciton and trion peaks as a function of excitation power. (f) The ratio of the peak
heights found in (d) and (e). Reproduced with permission from ACS Nano 2015 9 (6), 6459-6464.
Copyright 2015 American Chemical Society.

that this binding energy is consistent with the conduction band offset (60 meV) in the heterostruc-
ture '%9,

We also look at how the heights of each peak, Hx and Hr, change with excitation power. The
results are summarized in Figs. 3.5(d,e). We see that both peaks scale similarly in a super-linear
fashion. The curves shown are fit using a power of about 1.6 in each case. This superlinear depen-
dence is likely the result of defects in the materials which allow for nonradiative recombination
and exciton trapping that can compete with radiative recombination '>’-12°. With higher excitation
powers, a higher portion of injected carriers recombine radiatively as the number of defects is more

or less fixed. In Fig. 3.5(f), we also see that the ratio of the two peak heights is relatively constant

with excitation power.
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One would also expect to see evidence of trion formation in the MoSe; layer. The reason we
do not observe this is likely due to a higher density of defect sites in MoSe, compared to WS,.
Monolayer WS is commonly known to have very strong PL yield due to better growth methods
that incur fewer of these defect sites. With fewer defect sites, charge carriers in WS, can more
easily form both neutral and charged excitons instead of quickly recombining with defects as in
MoSe;.

The results observed in the MoSe;-WS, heterostructure are a prime example of the charge
transfer phenomena that can be seen in vdWs heterostructures. The type-II band alignment fa-
cilitates one type of electronic control in these atomically thin materials. Next, we will explore

slightly more exotic combinations of TMD MLs layers that exhibit type-I band alignment.

3.2 Exciton Transfer in Type-I vdW Heterostructures

The above study involved one of the more common TMD heterostructures. It exhibited type-II
band alignment, which drives charge separation at the interface. This type of band alignment is
expected from, and has been observed in, all of the heterostructures formed by combinations of the
four common TMD layers, MoS,, MoSe,, WS,, and WSe; TATTT9:101:126  However, finding combi-
nations of layered materials that form type-I alignment is essential for many different applications
like ultrathin quantum wells, optical pumping and wavelength conversion devices. Presented here
are two heterostructures formed by combining different TMD MLs that exhibit type-I band align-
ment. We find that the heterostructure with two similar crystal structures facilitates faster transfer

dynamics than the one with dissimilar crystal structures.

3.2.1 2H-2H MoTe,-WSe,

The first type-I heterostructure we look at is formed by vertically stacking monolayers of MoTe;
and WSe;. In this case, each of the materials have a similar 2H crystal lattice.

In our experiments, the WSe>-MoTe, heterostructure sample was fabricated in a similar fashion
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Figure 3.6: (a) Optical image of the MoTe,-WSe; heterostructure sample. (b) Calculated band
alignment between MLs of WSe; and MoTe,. The orange and gray circles represent excited elec-
trons and holes, respectively, which are expected to transfer to the MoTe, layer.

to the sample in the previous section, by mechanically exfoliating the MLs of WSe, and MoTe;
onto PDMS substrates and sequentially transferring the layers to a Si/SiO; (90 nm) substrate. An
optical image of the heterostructure sample is shown in Fig. 3.6(a). Due to the relative instability of

ML MoTe, in ambient conditions !3°

, this layer was completely covered by the WSe, ML, in order
to increase the longevity of the heterostructure sample. Isolated ML regions of both materials were
also present on the same substrate in order to conduct a reliable comparison between each ML and
the heterostructure. The sample was also annealed under the same conditions as the sample in the
previous section. The thickness of each ML is determined by optical contrast (outlined in A.2).

A schematic of the calculated band alignment is shown in Figure 3.6(b). With both the CBM
and VBM residing in MoTe;, excitons induced in WSe; are expected to transfer to MoTe; where
they recombine, emitting photons (red arrows) with an energy consistent with the optical bandgap
of MoTe,. In the following, we present experimental results on the photocarrier transfer process,
which show unambiguously the type-I nature of the band alignment.

First, PL spectra were taken from the heterostructure, as well as, from both ML regions. As
shown in Fig. 3.7, the spectra of the WSe, ML (red) and the heterostructure (blue) both show

a peak located around 1.65 eV which is consistent with the A-exciton resonance in WSe, 313!,
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Figure 3.7: Photoluminescence spectroscopy data measured from WSe, (blue), MoTe; (red), and
the heterostructure (black).

There is significant quenching of the peak, about 83% measured from the heterostructure region.
This shows a good interface between the two layers, and provides initial evidence that electrons,
holes, or both are likely transferring from WSe; to MoTe;.

To observe the photocarrier dynamics in the heterostructure, we employed transient absorption
microscopy experiments setup in reflection geometry. In these measurements, a tightly focused
pump pulse of about 100 fs duration was used to excite certain regions of the sample. Then, a
probe pulse, which arrives at the sample after the pump and overlaps in space with the pump
spot, is used to monitor the dynamics of the photocarriers. The differential reflection of the probe,
AR/Rop=(R-Rg)/Ry, 1s measured as a function of the relative time delay between the two pulses.
Here, R and Ry represent the reflection of the probe pulse with and without the presence of the
pump, respectively. By choosing the pump and probe photon energies, we can preferentially inject
and detect photocarriers in different layers of the heterostructure sample.

We first study the photocarrier dynamics in ML MoTe,. A 1.65 eV pump pulse with a peak

injected fluence of 8.44 uJ cm~2 was used to excite the MoTe, ML. Based on the absorption
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coefficient of bulk MoTe,2 for this photon energy, 2.5x 10’ m~!, the pump fluence corresponds
to an injected photocarrier density of about 4.4x10'! cm™2. The differential reflection of a 1.31
eV probe pulse is then measured for different delay times, and can be seen as the gray squares in
Fig. 3.8. Note that both the pump and the probe photon energies are significantly larger than the
optical bandgap of MoTe, of about 1.1 eV. The rising of the signal can be modeled by the integral
of a Gaussian function with a FWHM of 0.63 ps, as indicated by the black curve in Figure 3.8.
This rising time is slightly slower than the instrument response time of about 0.4 ps, which can be
attributed to the time it takes for the photocarriers to relax their energy from the injected energy
states to the states coupled to the probe pulse. The decay of the signal after the first 1 ps can be fit
by a bi-exponential function with two time constants of 2.8 and 28 ps, respectively. The short time
constant could be attributed to the energy relaxation of photocarriers from the probed state to the
band edges, while the long time constant gives the photocarrier lifetime.

Using this same procedure, we then measured the differential reflection signal from the het-
erostructure under the same conditions. Since the optical bandgap of ML WSe; is about 1.65 €V,
the pump is expected to inject photocarriers in both layers, while the 1.3 eV probe should only
sense photocarriers in MoTe;. The result is shown by the blue squares in Fig. 3.8. The magnitude
of the signal is about 7.5 times larger than that of MoTe,, while the temporal shapes of the two are
very similar. The white squares in Fig. 3.8 show the scaled signal from ML MoTe; (multiplied
by 7.5), which shows that the signal from the heterostructure has a very similar rising time, with
a small lag, and slightly slower initial decay. Furthermore, by bi-exponential fit (purple curve),
the two time constants from the heterostructure measurement are 4.3 and 28 ps, with the long time
constant matching the MoTe, ML very well.

These features are strong evidence of electron and hole transfer from WSe, to MoTe,, as a
result of the type-1 band alignment shown in Fig. 3.6. First, without carrier transfer, the two
measurements should yield identical results since carriers injected in WSe, would not be sensed
by the probe. The larger signal observed in the heterostructure sample is induced by photocarriers

transferred from WSe, to MoTe,. The existence of carrier transfer is also consistent with the PL
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Figure 3.8: Differential reflection measurements using a 1.31 eV probe pulse and a 1.65 eV pump
pulse. The blue squares were measured from the heterostructure and show a significantly higher
signal than that measured from the isolated MoTe, ML (Grey Squares). The purple and red lines
represent double exponential fits to the heterostructure and ML MoTe; data respectively. The
yellow squares represent measurements on the heterostructure with the pump and probe switched,
1.65 eV probe and 1.31 eV pump. This is to probe carriers excited in MoTe, that might transfer to

WSez.
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quenching of WSe,, shown in Fig. 3.7. Second, the carrier transfer occurs on a time scale shorter
than the response time of the measurement. If the transfer were a slow process, the signal from the
heterostructure would be expected have a slow rising part as dictated by the transfer rate. Third,
the same decay time observed in the two samples indicates that both electrons and holes excited
in WSe, transfer to MoTe;, as dictated by the type-I alignment. If the alignment were type-II,
only one type of carrier would transfer. Once the electrons and holes are separated in different
layers, their recombination would be significantly suppressed, resulting in a longer lifetime of
photocarriers in the heterostructure 791327134,

To ensure that no carriers, neither electrons nor holes, transfer in the opposite direction, i.e.
from MoTe; to WSe,, we used a 1.31 eV pump and probed at 1.65 eV. In this case, we expect to
inject photocarriers in MoTe, only. The 1.65 eV probe matches the A-exciton resonance of WSe;
providing the best differential signal from carriers in the WSe, layer. As shown by the yellow
squares in Fig. 3.8, there is no noticeable signal from the heterostructure observed. It is also
important to note that this signal is from a peak injected fluence of 16.9 uJ cm~2, twice that of the
other 2 curves in Fig. 3.8. With an absorption coefficient of 0.8 x 10’ m~!, this fluence corresponds
to an injected density of 4.5x 10! cm~2. If the band alignment were type-II, there would be charge
separation and we would expect to observe a noticeable differential reflection signal due to either
electrons or holes transferring to WSe, under these conditions.

To further confirm that the increased signal observed in the heterostructure is from photocarri-
ers injected in WSe; that subsequently transfer to MoTe;, we studied the dependence on the pump
energy. Using a 1.31 eV probe, we varied the pump energy from 1.65 eV, the A-exciton resonance
of WSe,, to 1.55 eV. Figure 3.9 shows the differential reflection of the heterostructure for the dif-
ferent pump energies. The inset shows the peak signal as a function of the pump energy. It is clear
the signal increases as the pump energy moves towards the exciton resonance of WSe,. This indi-
cates that as more photocarriers are injected in WSe;, subsequently the observed carrier density in
MoTe, also increases. The trend of this increase is fairly consistent with the energy dependence of

the absorption coefficient in WSe; *2.
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Figure 3.9: Pump energy dependence on the differential reflection of 1.31 eV probe measuring
the heterostructure. The inset shows the peak differential reflection signal for the different pump
energies.

Next, we looked at the carrier dynamics in WSe,. Photocarriers were injected by a 2.1 eV
pump in the WSe, ML and the heterostructure with a peak fluence of 4.22 uJ cm™2. At this
energy, WSe, has an absorption coefficient of 1.6x10” m~!, which leads to an injected carrier
density on the order of 1.4x10'! cm~2. From Fig. 3.10, it can be seen that there is an initial fast
decay in the heterostructure that is noticeably faster than the exciton decay in ML WSe,. Fitting
each data set with a bi-exponential function, the initial fast decay is about 0.84 £ 0.3 ps in ML
WSe; compared to 0.66 £ 0.1 ps in the heterostructure, about a 20 percent decrease. This faster
decay is almost certainly from carriers transferring from WSe, to MoTe;, another indication of
type-I band alignment. The right panel of Fig. 3.10 shows the dynamics on a longer time scale.
The longer decay times are nearly identical at 33 and 29 ps, respectively. It is also important to
note that the signal from the heterostructure is smaller in magnitude than that of the isolated WSe;
ML. This is evidence that a significant portion of the photocarriers transfer on an ultrafast time
scale, faster than the time resolution of our system of about 300 fs. These transfer dynamics are

consistent with previous reports on TMD heterostructures that point to a coherent transfer process
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Figure 3.10: Short and long scale differential reflection measurements on WSe, ML (Blue) and
the heterostructure (Red) using a 1.65 eV probe and 2.1 eV pump.

between layers.

3.2.2 2H-Distorted 1T MoS,-ReS,»

The previous section discussed results on a heterostructure comprised of two materials with very
similar lattice constructs, both having hexagonal, 2H, structures. In that heterostructure, as seen in
other 2H-2H vdW heterostructures, we observed ultrafast exciton transfer from one material to the
other. This transport was so fast that it was beyond the response time of our system of about 300 fs.
This section will look at another suspected type-I heterostructure which is formed by combining
two dissimilar crystal structures. In this case, the heterostructure is made from monolayers of
2H-MoS, and distorted 1T-ReS,. This study was published as the cover article in the journal,
Nanoscale Horizons ',
Similar to the previous structure, the expected band alignment is found from first principle

calculations, which were performed by our collaborators from Dr. Zeng’s group at The University

of Nebraska. In MoS,, the VBM and CBM are found to be -5.91 eV and -4.25 eV, respectively.
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Figure 3.11: (a) Calculated band alignment of monolayer MoS, and ReS,. (b) Calculated band
structure of the MoS,-ReS, heterosturcture. The red and green symbols represent contribution
from MoS, and ReS,, respectively. Reproduced from Ref. 135 with permission from The Royal
Chemical Society.

In ReS,, they are -5.78 eV -4.46 eV, respectively, resulting in type-I band alignment between the
layers. Fig. 3.11(a) shows this band alignment. Fig. 3.11(b) shows the calculated band structure
for the heterostructure. Here, the red symbols represent contributions from MoS,, where as the
green is contributions from ReS,. The calculations shows that both the CBM and VBM in the
heterostructure are contributed from ReS,, predicting the type-I alignment at the junction.

Fabricating this heterostructure followed the same procedure used in the previous section, with
both materials being mechanically exfoliated and transferred onto a 90 nm SiO,/Si substrate. The
sample was then annealed under the same conditions previously mentioned. An optical microscope
image of the final sample is shown in Fig. 3.12(a).

To confirm the ML thickness of the materials, we utilized optical contrast and Raman spec-
troscopy. Figure 3.12(b) shows the green channel contrast measured along the yellow line in (a).
The green channel is used as it provides a good standard for the contrast of various monolayers of

about 12-13%, as shown in previous reports !36-138

. Our measurements are in agreement with the
expected contrast of ML samples (see A.2).

The Raman spectroscopy results are shown in Fig. 3.12(c) for both MoS; (red) and ReS,
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Figure 3.12: (a) Optical image of the MoS,-ReS; sample. (b) Contrast measured from the green
color channel along the yellow line in (a). (c) Raman spectra measured from MoS, (red) and
ReS, (green) The large peak at a Raman shift of around 520 cm™! is from the silicon substrate.
Reproduced from Ref. 135 with permission from The Royal Chemical Society.
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(green). Raman measurements were also used to further confirm monolayer thickness of both
layers. In MoS; the separation between the E;g and A, peaks is used to confirm the ML thick-
ness '3°. For ReS,, the separation between the peak labeled I and III in Fig. 3.12(c), also point to
ML thickness (see A.3 for a more in-depth look at the Raman modes in both layers).

Now that we have established both layers to be monolayer,as expected, we again look at the
injected carrier dynamics using transient absorption microscopy to measure the time dependent
differential reflection. First, using a pump pulse with an energy of 1.67 eV and 300 fs duration, we
inject carriers in a portion of the ReS,; monolayer. Because the optical band gap of Re, is about
1.52 eV, these carriers are injected by inter-band absorption. We focus the laser spot through a 20 x
objective lens to a spot size of 2.2 um, injecting carriers with a fluence of 7 uJ cm—2. With an
absorption coefficient of 8 x 10® m~! (bulk value), we obtain a peak injected density of about 1.4
x 10" ¢cm™2. We monitor the dynamics of these carriers by measuring the differential reflection
of a 1.53 eV probe pulse. This is tuned slightly above the bandgap of ReS,. The open red squares
in Fig. 3.13, show the results of this experiment. We fit the decay of the signal using a single-
exponential with a background. From this, we find a decay constant of 65+5 ps which is attributed
to the recombination lifetime of the photocarriers. Similar results were observed when measuring
the heterostructure region of the sample shown by the solid red squares in Fig. 3.13.

In this experiment on the heterostructure, the MoS, was neither pumped nor probed, as the
lowest excitonic state in MoS; is at 1.85 eV. If the band alignment were type-II, however, we would
expect to see a change to the measured dynamics as the MoS; layer would serve as a channel for
charge transfer. Specifically, if the CBM (VBM) were lower (higher) in MoS, compared to ReS,,
electrons (holes) would be expected to transfer to MoS,. This would results in a smaller magnitude
of the signal (by about a factor of 2) due to the loss of one carrier type in ReS,. We would
also expect to see a longer carrier lifetime from indirect exciton formation across the junction as
observed from other type-II heterostructures :101:132
However, the lack of charge transfer is not itself proof of type-I band alignment, as poor inter-

face quality could be a factor. TO rule this out, we next inject carriers in both ReS; and MoS; using
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a 1.85 eV pump. This is tuned to the A-exciton resonance of MoS,. We again inject carriers with

2, resulting in peak density of 4.8 x 10! cm~2. This is according to an

a peak fluence of 7 uJ cm™
absorption coefficient of 3 x 10’ m~! for MoS,. Measuring the differential reflection of the same
1.53 eV probe, we would expect to see an increase in the signal measured from the heterostructure
if there is type-I band alignment. The results are shown by the solid green squares in Fig. 3.13.
We indeed see an increase of the signal, by a factor of 3, and the decay is also very similar to that
of the ReS; monolayer, with a time constant of 62 ps (blue curve).

Using this more energetic pump, we also again measure the isolated ReS; monolayer, as shown
by the open green squares in Fig. 3.13. Here, we do not see an increase in the signal magnitude
which confirms that the increased signal from the heterostructure is not from addition carriers
injected in ReS, due the increased pump energy. This signal is very similar to that measured
with the 1.67 eV pump confirming that the signal from ReS; is rather insensitive to the the pump
photon energy in this range. This is consistent with other observation that the absorption coefficient
in ReS; does not change significantly in this range as well.

To provide further evidence of the type-I band alignment between these two layers, we also
probe the MoS; layer. Here, we measure the differential reflection of a 1.85 eV probe, matching
the A-exciton of monolayer MoS,. The results are summarized in Fig. 3.14. First, using a 3.06 eV
pump, we inject carriers in MoS, with fluence of 12 uJ cm~2. With an absorption coefficient of
1.5 x 108 m~!, this corresponds to an estimated injected density of 3.4 x 102 cm~2. The results
are shown as the solid black squares in Fig. 3.14. We observe a differential reflection signal on the
order of 1073,

Next, using a 1.53 eV pump, we inject carriers in the ReS; layer of the heterostructure, with
a fluence of 33 uJ cm2. This corresponds to a peak injected density in ReS, of 7.6 x 10'1.
If the band alignment were type-II, electrons or holes would transfer to MoS,. Given the fairly
high injected carrier density, these transferred carriers would be expected to result in a differential
reflection signal on the order 10~%, using a 1.85 eV probe. However, as shown by the open squares

in Fig. 3.14, no such signal is observed. This further confirms a lack of charge transfer from ReS;
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Figure 3.13: Differential reflection of a 1.53 eV probe measured from ML ReS; (open symbols)
and the MoS;-Res, heterostructure (closed symbols) for different pump energies, 1.57 eV (red

symbols) and 1.85 eV (green symbols). Reproduced from Ref. 135 with permission from The
Royal Chemical Society.
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represent the measurements from the heterostructure using a 1.53 eV pump to excite carriers only
in the ReS; layer. Reproduced from Ref. 135 with permission from The Royal Chemical Society.

to MoS.

Finally, with the confirmed observation of type-I band alignment exhibited by this heterostruc-
ture, we can study the interlayer transfer process of photocarriers in this configuration. These
results are outlined in Fig. 3.15. In this figure, all the differential reflection signals are normal-
ized in order to facilitate a visual comparison. First, a 1.85 eV pulse with a peak fluence of 7 uJ
cm™2 was used ot pump the heterostructure. Based on the absorption coefficients of each of the
monolayers, the peak density of injected photocarriers in MoS; and ReS; are 4.8 x 10! cm~2 and
1.3 x 10'"" cm™2, respectively. Probing the ReS, layer with a 1.53 eV pulse, we monitored the
evolution of the photocarrier population in that layer and hence time resolved the transfer process.
In Fig. 3.14, the solid and open green squares represent the measurements from this configuration
as observed from the heterostructure and monolayer ReS,, respectively. We found a rather slow

rise of the signal observed from the heterostructure. The contribution of photocarriers directly

injected in ReS, can be isolated by the control experiment on monolayer ReS, under the same
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experimental conditions. The actual magnitude of the signal measured in ReS; is about one third
that from the heterostructure, which is consistent with the ratio of the carriers injected in the two
layers. Clearly, the rising of the signal is much faster in ReS,, confirming that the slower rise time
observe from the heterostructure originates from the transfer of photocarriers across the interface.

We fit the rising part of the signal using,

N[l —exp(=t/tr)]+ N2, (3.1

where N; and N, represent the initial photocarrier densities in the MoS, and ReS, layers, respec-
tively, and, 77 represents the transfer time. As shown by the green line in Fig. 3.15, this expression
can satisfactorily describe the data with a transfer time of 1.3 &+ 0.1 ps.

Alternative to observing the photocarrier build up in ReS,, we also monitor the photocarrier
population leaving the MoS; layer of the heterostructure. Using a 3.06 eV pump pulse, we inject
photocarriers in the heterostructure and probe the MoS; layer with a 1.85 eV probe. Carriers in
ReS; are not sensed by this probe. The results are shown as the blue squares in Fig. 3.15. The
signal decays single-exponentially with a decay constant of 1.1 £ 0.2 ps, as indicated by the blue
curve. The decay is significantly faster than that observed from monolayer MoS; under the same
conditions (black squares in Fig. 3.14), which represents the exciton recombination time. This fast
decay is due to the transfer of photocarriers to the ReS; layer, and the time constant very closely
matches the transfer time, 77, observed in the build up of photocarriers in ReS,.

Several studies on other TMD heterostructures, including the results in the previous subsection,
have shown that transfer processes in these ultrathin structures occurs on a time scale shorter than
100 fs78:7%101 * This ultrafast process is thought to be facilitated by quantum coherence. The
transfer process in this heterostructure, however, is noticeably slower, occurring on a ps time scale.
The most notable difference between this heterostructure and the others is the difference in crystal
structures. In each of the previous studies, the two layer each have the same 2H crystal structure.
Here, the heterostructure is formed by MoS; with a 2H structure and ReS,, which has a distorted

IT structure. It is possible that difference in lattice structures suppresses the coherent transfer
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Figure 3.15: Normalized, time-dependent differential reflection signals on a short time scale to
show the transfer dynamics. The green squares are measured using a 1.53 eV probe and 1.85 eV
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with permission from The Royal Chemical Society.
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process, resulting in a slower incoherent transfer process.

3.3 Summary

The experimental observation of Type-I aligned heterostructures in the landscape of vdWs het-
erostructures is of critical importance for the broader applications of 2D materials. These studies
help to introduce the possibility for quantum well applications at the atomic limit which could
prove pivotal for future developments in laser technologies, wavelength manipulation and more.
Most notably, ultrathin semiconducting structures that can combine different types of band align-
ment, will provide unprecedented opportunities to control charge transport on an atomic scale.

The above studies help to initiate a thorough platform for the development of band engineering
at an atomic level, highlighting different types of band alignment, as well as possible effects due
to differences in crystal structures. We found that the charge separation found in the combination
of MoSe, and WS,, can lead to exotic excitonic behavior with the formation of charged excitons
called trions. We also observed the photocarrier dynamics in two heterostructures, WSe;-MoTe;
and MoS;,-ReS,, which both exhibited properties consistent with type-I band alignment, facilitat-
ing exciton transfer across the junction.

We also observed a noticeable difference in the transfer time seen from the two type-I struc-
tures. We believe this to be the results of different crystal structures. The WSe;-MoTe; het-
erostructure is formed by two layers with similar 2H crystal structures. As seen in other similar
2H-2H heterostructures, this results in a transfer process shorter than 100 fs, facilitated by quantum
coherence. The MoS,-ReS, heterostructure has a 2H-Dist. 1T combination that results in a much
slower transfer process, on the order of 1 ps. This difference in crystal structure likely breaks the

coherence, resulting in slower photocarrier transfer.
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Chapter 4

2D Amorphous-Crystalline Semiconducting Heterostructures

After exploring various TMD-TMD vertical heterostructures, we now shift the focus to another
type of vertical heterostructure, between a TMD monolayer and an ultrathin amorphous semicon-
ductor layer. It is important to look at unique heterostructures formed between different lattice
structures to learn more about the mechanisms that facilitate charge and energy transfer in these
low dimensional systems. In the previous chapter, for instance, it was shown that a heterostructure
with similar lattice structures showed faster energy transfer than one with dissimilar lattice struc-
tures. Studies have shown that charge transfer mechanisms in various TMD-TMD heterostructures
are likely dictated by quantum coherence and effective coupling between donor and accepter states
which reside in opposite layers 7197 Previously, it was assumed that these vdWs structures would
exhibit incoherent transfer due to suspected weak interlayer coupling and relatively large interfacial
spacing compared to chemically bound structures.

Recently, the effect of layer-coupled states has been explored in TMD homobilayers 19%140_ In
these the structures, the individual layers constitute a perfect lattice match. The results suggest
that it is likely states in the Q or I valleys are coupled between layers and could be a dominant
mechanism for ultrafast transfer processes. If these layer-coupled states are responsible for ultrafast
transfer, it would imply that similar efficient transfer would not occur in layered combinations with
significantly different lattice structures. It is thus interesting to study the heterostructure between
2D crystalline and amorphous layers, as it presents an extreme case for exploring this hypothesis.

However, due to the lack of studies on amorphous materials in the 2D realm and specifically
amorphous black phosphorus (aBP), the material used in our study, we will begin by examining

properties of aBP thin films. This will include samples of different thicknesses of 2, 5, and 10
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Figure 4.1: Top and side view of the lattice structure of (a) crystalline and (b) amorphous black
phosphorus.

nm. Once we establish an understanding for the aBP films, we will look at the interaction of
photocarriers between a TMD ML and the thinnest of these amorphous sheets. The resulting

charge transfer phenomena will be explored in detail.

4.1 Introduction to Amorphous Semiconductors

Amorphous semiconductors are of great importance in the electronics industry. They are an inter-
esting class of materials, as their amorphous structure omits one of the most fundamental charac-
teristics utilized in solid state physics, crystallinity. The difference in structure is highlighted in
Fig. 4.1. This shows the lattice structure of crystalline (a) and amorphous (b) black phosphorus,
the material studied in this chapter. Here, in a stable crystalline form, BP exhibits a puckered
hexagonal structure 14 where as the amorphous form, by nature, is much more randomized.

In amorphous solids, this lack of long-range periodicity often leads to very fuzzy electronic
states and poor electronic performance compared to their crystalline counterparts. However, low
fabrication costs makes these types of materials highly desirable for applications that do not re-

quire superior performance. Most notably, amorphous silicon has been widely used for common
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141 and thin-film transistors '4?>. Amorphous In-Ga-Zn-O has shown promise

photovoltaic devices
for transparent thin-film transistors with reported mobilities exceeding 10 cm? V~! s~ 143 Addi-
tionally, amorphous SiO, is widely used as a gate dielectric in the electronics industry. Tin-based

oxides have been used in lithium-ion storage applications '4*. Amorphous materials have also been

used as reaction catalysts, with amorphous iron being used to aid in the hydrogenation of carbon

145 '[146.

monoxide '™, and amorphous metal-oxides as an oxygen evolution reaction catalys

The majority of applications utilizing amorphous solids to date have focused on bulk mate-
rials. Knowing that ultrathin, 2D materials can exhibit varying properties from their bulk, 3D
counterparts, it is important to investigate 2D amorphous materials. It would be expected that
the electronic properties in dramatically thinned down amorphous semiconductors should follow
similar trends to crystalline 2D materials as many of the differences from bulk to ML spawn from
dielectric screening and confinement effects. These types of effects are not unique to crystalline
materials.

The following sections will focus on studies involving amorphous black phosphorus. The
motivation behind studying ultrathin films of aBP spurs from the promising attributes of crystalline
black phosphorus. Layered black phosphorus (BP) has received an increasing amount of interest
as a 2D semiconductor in recent years, especially with the ability to isolate layers down to ML 147,

Ultrathin BP films have exhibited very promising charge transport properties !47:148:148-156 - Ajong

157;158

with novel quantum confinement effects , crystalline BP has shown a variable band gap that

changes with thickness. This gap has been shown to dramatically increase from 0.35 eV in bulk

to the near IR and even optical range in ML 471597162 We will look at 3 different thicknesses

163

of aBP films, 2, 5, and 10 nm. A previous study *° performed by our collaborators, has looked

—1 and

at various properties of these thin films and found field effect mobilities of 14 cm? V! s
current On/Off ratios of about 100. This gives some promise or potential applications as thin film
transistors. The following will focus on the photocarrier dynamics in these materials as studied by

ultrafast pump-probe experiments. This study is published in the journal, 2D Materials 9.
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4.2 Carrier Dynamics in Amorphous Black Phosphorus Thin Films

4.2.1 Fabrication and Characterization of aBP thin Films

Amorphous black phosphorus ultrathin films were synthesized on silicon substrates with a 300
nm oxide layer by pulsed laser deposition (PLD). A black phosphorus crystal (Smart-Element)
was used as the target. The growth temperature was set at 150 °C and the base pressure of the
chamber was evacuated to around 1.5 x 10~/ Torr. Due to the instability of BP in air, a thin
layer of poly(methyl methacrylate) (PMMA) was applied to protect the a-BP films. These samples
were provided and characterized by Shu Ping Lau and co-workers at The Hong Kong Polytechnic
University.

The structure of the as-grown films was characterized by transmission electron microscopy
(TEM) and X-ray diffraction (XRD). From the energy-dispersive X-ray spectroscopy (EDX) re-
sults shown in Figure 4.2(a), the chemical composition of pure phosphorus (P) was confirmed. The
minor peaks of copper (Cu) are attributed to the TEM grid. The amorphous nature of the samples
was indicated by the high-resolution TEM (HRTEM) and XRD as illustrated in Figure 4.2(b) and
4.2(c) respectively. The films were further characterized by Raman spectroscopy. As shown in
Figure 4.2(d), three BP characteristic peaks were observed in the Raman spectra of the aBP thin
films with thicknesses of 2, 5, and 10 nm. As the thickness decreases, the peaks become broader
and the intensity decreases significantly. For the 2 nm thick sample, the Raman peaks exhibit a
shift of about 5 cm~! with respect to the thicker films, which is consistent with the previous re-
port163. This can be attributed to the consideration that for ultrathin films, the vibrational modes
are more easily influenced by the highly disordered structure. Finally, the optical properties of the
films were also characterized. The room temperature photoluminescence (PL) spectrum of the 2
nm aBP film is shown in Figure 4.2(e). A 808 nm laser was used as the excitation light source.
The emission peak is located at 0.85 eV, which is attributed to the optical band gap of 2 nm aBP.
No PL was observed from the 5 and 10 nm films, suggesting that their optical band gaps are not in

this spectral range.
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Figure 4.2: Structural characterization and optical properties of the a-BP thin films. (a) EDX
spectrum of the aBP thin films, confirming that pure phosphorus films were obtained. (b) High-
resolution TEM image of the 10-nm a-BP film, combining the SAED pattern shown inset, revealing
the highly disordered feature of the obtained films. (c) XRD pattern of the a-BP film grown on
S10,/S1 substrate. The only emerged peak is Si (400), further confirming the amorphous nature of
the BP film. (d) Raman spectra of the aBP thin films with different thicknesses. (e) PL spectrum
of the 2 nm aBP film under the excitation of an 808 nm laser. (©)IOP Publishing. Reproduced with
permission. All rights reserved.
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4.2.2 Results and Discussion

Transient reflection measurements were performed to investigate photocarrier dynamics in the
grown aBP samples. We will first focus on the 2 nm film. Figure 4.3(a) illustrates the pump-
probe scheme of the measurement. The sample was excited by a 100 fs pump pulse with a photon
energy of 1.57 eV. The probe pulse with a photon energy of 0.80 eV is tuned to near the optical
band gap of the sample in order to effectively sense the reflectance change of the sample induced
by the pump-injected photocarriers. The differential reflection of the probe was measured as a
function the delay time between the pump and probe pulses. Figures 4.3(b and c) show the ob-
served differential reflection signal, in short and long time ranges, respectively, with various values
of pump fluence. We found that the signals reach their peaks on an ultrafast time scale, and then
decay exponentially.

To understand the observed features, we first establish the relation between the signal and
the photocarrier density. Figure 4.3(d) shows the peak signal as a function of the pump fluence.
With the fluences lower than 100 uJ cm™2, the absorption of the pump can be safely assumed
to be in the linear regime. Hence, the carrier density injected by the pump is proportional to the
pump fluence. That is, the dependence of the signal on the pump fluence reflects its dependence
on the photocarrier density. Figure 4.3(d) shows saturation effect of the differential reflection at

fluences higher than 50 uJ cm=2.

The fluence dependence can be fit by a standard saturation
model, AR/Ry o< F /(F + Fy, ), where Fy,; = 350 uJ cm™2 is the saturation fluence. Below 50 uJ
cm™2, the differential reflection is approximately proportional to the pump fluence, and hence the
photocarrier density.

With an excess energy of 0.72 eV, the pump pulse injected free electron-hole pairs with high
kinetic energy. As shown in Figure 4.3(b), the signal reaches the peak on an ultrafast time scale,
even though the probe is tuned to near the optical band gap. The rising part of the signal can
be modeled by the integral of a Gaussian function with a full width of 0.45 ps, which is similar

to (or slightly larger than) the cross-correlation width of the pump and probe pulses used. The

initially injected non-equilibrium distributions of the electrons and holes are expected to undergo
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Figure 4.3: Differential reflection of then 2 nm aBP ultrathin film. (a) Schematics of pump and
probe scheme with respect to the electronic bands of the 2 nm aBP film. (b) Differential reflection
of the 2 nm aBP film for different values of pump fluence. (c) Same as (b), but on a larger time
range and in semi-logarithm scale (d) Peak AR/R( signal as a function of pump fluence. The
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a thermalization process first, in which a thermal distribution is established via electron-electron
and hole-hole scattering, followed by an energy relaxation process via carrier-phonon scattering, in
which these hot carriers cool down to the lattice temperature of 300 K. Both processes increase the
population of carriers in the probed states near the band edge, and hence are expected to cause an
increase of the signal. The observed ultrafast rising time suggests that these processes occur on sub-
picosecond time scales in the aBP ultrathin film. Ultrafast thermalization and energy relaxation of
hot carriers have been observed in other 2D materials, such as transition metal dichalcogenides 32

and graphene '93:166

, which can be attributed to the enhanced carrier-carrier and carrier-phonon
interactions due to the reduced dielectric screening effect. Since such enhancement also exists in
ultrathin a-BP, it is reasonable that these processes occur on a similar time scale. On the other
hand, carrier thermalization and relaxation can take several tens of picoseconds in traditional bulk
semiconductors and quantum wells '®7.

The decay of the signal can be fit by double exponential functions, as shown by the solid
curves in Figure 4.3(b) and 4.3(c). The two constants are plotted as a function of the pump fluence
in Figure 4.3(e). The fast time constant of about 2 ps could be attributed to exciton formation. Due
to the enhanced coulomb interaction between electrons and holes in this 2D system, the exciton
binding energy is expected to be large, and excitons should be stable at room temperature. Ultrafast
exciton formation from nonresonantly excited electron-hole pairs has been observed in monolayer
transition metal dichalcogenides, as a fast decay of the transient reflection signal shorter than 1
ps33168  After this short transient in the first few picoseconds, the rest of the decay can be described
by a time constant of about 400 £ 20 ps, which is attributed to the exciton lifetime. We note that
the longer time constants at high pump fluences could be attributed to the nonlinear dependence of
the signal on the carrier density, as shown in Figure 4.3(d). In that regime, the time evolution of
the differential reflection signal does not accurately reflect that of the carrier density.

It is interesting to note that even in the saturation regime, there is no sign of exciton-exciton

annihilation. Previous studies have shown that exciton-exciton annihilation dominates dynam-

ics of high density exciton populations in 2D TMDs '9*~172. In our measurement, the injected
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exciton density is comparable to the saturation density, as evident by the sub-linear power depen-
dence shown in Figure 4.3(d). In this regime, exciton-exciton scattering is expected to be strong.
Exciton-exciton annihilation caused faster decay of exciton population at higher density, which is
not observed in Figure 4.3(c). The absence of exciton-exciton annihilation suggests that the defect
density of the aBP sample is rather high. This is also consistent with the relatively long exciton
lifetime compared to most 2D TMDs.

To study the transport properties of excitons in aBP, we performed spatially resolved differ-
ential reflection measurements. Using the focused 1.57 eV pump pulse, we inject carriers in the
aBP samples with a Gaussian profile of 2.5 um full width at half maximum. Due to the induced
density gradient, excitons diffuse two-dimensionally. We do not consider a 3D diffusion as the
samples are thinner than the injection depth of the lasers and thus carriers are injected throughout
the sample thickness and diffuse in a planar direction. We then measured the differential reflection
as a function of both probe position and time delay, relative to the pump.

The result of this spatiotemporal measurement for the 2 nm aBP sample is shown in Figure
4.4(a). Here, the probe position is defined as the distance between the centers of the pump and
probe spots. As the excitons diffuse, the spatial Gaussian profile can be seen to expand, showing a
clear sign of diffusive transport. Figure 4.4(b) shows the Gaussian profiles for several probe delays.
Each profile was fit with a Gaussian function to extract its full width at half maximum. The squared
width, w2, is plotted as a function of the probe delay in Figure 4.4(c). In the diffusion process with
an initial Gaussian density profile, the width of the profile expands as w? = w(z) + 11.09D¢, where
wo is the initial width and D, the diffusion coefficient of the excitons. With a linear fit to the
squared widths in Figure 4.4(c), we find a diffusion coefficient of about 5.3 + 0.2 cm? s~!. By
using the exciton lifetime of 400 ps, we obtain a diffusion length of v/Dt = 460 nm.

The exciton diffusion coefficient obtained is significantly larger than other amorphous semicon-
ductors. For example, in amorphous silicon, the most widely used amorphous semiconductor, the
photocarrier diffusion coefficient is on the order of 0.01 to 0.001 cm? s~! 173-176_ Using Einstein’s

relation, 1t /e = D/kpt, where U, e, and kp are the mobility, the elementary charge, and Boltzmann
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Figure 4.4: Exciton diffusion in the 2 nm aBP ultrathin film measured by spatially resolved dif-
ferential reflection. (a) Spatiotemporal differential reflection signal. (b) Spatial Gaussian profiles
for different delay times. (c) The squared width of the Gaussian profiles as a function of the probe
delay. The data is fit with a linear function in order to extract the diffusion coefficient from the
slope. (©IOP Publishing. Reproduced with permission. All rights reserved.
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constant, respectively, we deduce an exciton mobility of 200 = 10 cm?> V~! s~!. These superior
photocarrier transport properties make aBP an attractive amorphous materials for optoelectronic
applications.

Similar experiments were performed on both the 5 nm and 10 nm aBP film. Figure 4.5(a)
shows, again, the differential reflection of a 0.80 eV probe pulse for different relative time delays of
the 1.57 eV 100 fs pump pulse as measured for the varying aBP thicknesses, 2 nm (black squares),
5 nm (red squares), 10 nm (blue squares). It can be clearly seen that the longer decay portion of
the signal, which more accurately represents the exciton population in the sample is significantly
larger in the 2 nm sample. This is likely due to the probe energy more closely matching the exciton
resonance for this thickness of aBP. Similar to crystalline BP, we expect the band gap of aBP to
significantly depend on sample thickness, likely decreasing with thickness. It is also not surprising
that we observe a more prominent transient process in the first several ps in the thicker samples, as
the pump energy is higher relative the gap energy.

We also performed spatially and temporally resolved differential reflection measurements on
both the 5 nm and 10 nm aBP samples, in order to measure their respective diffusion coefficients.
These results on the 5 nm and 10 nm samples can be seen in Figures 4.5(b) and 4.5(c), respectively.
The squared FWHM, found by fitting the spatiotemporal data with Gaussian functions for the
different relative delay times between the pump and probe pulses can be seen in Figure 4.5(d).
The results from the 2 nm sample (black squares) is added for comparison. As before, all three
datasets were linearly fit in order to extract the diffusion coefficients from the respective slopes. It
can clearly be seen that the slope decreases with thickness of a-BP. Excitons were found to diffuse
in the 5 nm film with a diffusion coefficient of 3.4 4= 0.4 cm? s~!. This corresponds to an exciton
mobility of about 130 cm? V~! s~!. It is interesting to note that there is no diffusion observed in
the 10 nm thick sample.

In summary, charge carrier dynamics were measured in amorphous black phosphorus. Optical
pump probe experiments were utilized to resolve the differential reflection of an ultrafast probe

pulse in both space and time. We found the exciton lifetime to be as high as 400 ps in 2 nm thick
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aBP samples, decreasing in thicker samples. The diffusion coefficients were also extracted and
found to be in the range of 3-6 cm? s~! for 2 nm and 5 nm thick samples. This corresponds to
exciton mobilities on the order of 100-200 cm? V~! s~! which is about 2 orders of magnitude
larger than many amorphous semiconductors currently used in a variety of applications. Amor-
phous black phosphorus could thus have a lot of potential for less expensive, better performing

electronic and optoelectronic devices.

4.3 Carrier Transfer in 2D WS,-aBP Vertical Heterostructure

With the promising characteristics of these amorphous samples, it is important to explore avenues
for possible applications. One such direction is to use them in semiconducting heterostructures.
However, it is typically difficult to find ideal growth conditions to create a quality semiconducting
junction with an amorphous sample. Layered materials provide a unique solution to this problem
since they adhere through vdWs forces as compared to chemical bonds. This allows for the easy
formation of such heterostructures, but little is known as to the extent with which the two will
interact, if at all. The following begins to explore the interaction between ultrathin aBP films with
TMD MLs, specifically WS,.

With the largest band gap of the three aBP samples studied previously, the 2 nm aBP sample
provides the best platform for studying carrier dynamics in these ultrathin amorphous-crystalline
heterostructures. Due to the thinness of this sample, it also fits best into the discussion of 2D
semiconductor junctions.

The heterostructure samples are made by mechanically exfoliating and subsequently transfer-
ring ML flakes of WS, onto the aBP covered substrate. In order to create reasonable control
conditions, we first transferred flakes of hBN with varying thicknesses onto regions of the aBP
substrates. This is done by mechanically exfoliating flakes of hBN from bulk crystals onto PDMS
substrates. The hBN flakes are then transferred onto the aBP covered substrate. Next, monolayer
WS, samples are similarly exfoliated onto PDMS substrates and identified by optical contrast. Us-

ing the same method as with hBN, they are transferred to the aBP sample, with different regions
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of the same WS, flake overlapping both the hBN samples and the aBP substrate. After the WS, is
transferred, the samples are annealed for 2 hrs at 75°C in an Ar environment held at a base pressure
of 3 torr. This is to help the van der Waals materials adhere better to the aBP. Next, to help preserve
the aBP surface from degrading in the ambient conditions of our measurements, the samples are
coating in a thin layer of PMMA.

The samples used in this study are shown in Fig. 4.6(a,b). In each, the blue outline is the
ML region of the WS, sample, and the white outline is the hBN sample. The substrate, which is
shown here as the pinkish colored background, is the aBP covered substrate. Figure 4.6(a) shows
a sample using a relatively thick (>15 layers) hBN flake between WS, and aBP. This should create
a sufficiently thick insulating barrier allowing us to study the properties of ML WS,. The sample
in Fig. 4.6(b) uses a much thinner barrier, using a few layer (<5 layers) hBN flake. Thicknesses of
the hBN layers are estimated by optical contrast on PDMS.

With so little known about the electronic structure of the aBP samples, such as its work func-
tion, it is difficult to know how carriers will behave in the heterostructure. However, we attempt
to estimate the expected alignment using previously calculated values for the CBM and VBM of
appropriately thick crystalline black phosphorus (BP). Figure 4.7 shows the estimated band align-
ment and the resulting charge transfer.

With both the work function and band gap of BP being highly sensitive to thickness, we use the
values from literature that best represent our 2 nm thick aBP, which correlates to about 3 layers.
Relative to a 0 eV vacuum level, the calculated CBM and VBM for 3 layer BP is found to be about
-4.09 eV and -4.85 eV, respectively |77, From reports on the band alignment of various TMD MLs,
the CBM and VBM of WS, are -3.96 eV and -5.50 eV, respectively '>6. As shown in Fig. 4.7
this results in type-I band alignment. However, with such a small conduction band offset between
the materials and the ambiguity of aBP’s alignment, we speculate the band alignment could be
either type-I or type-II. With a large valence band offset, holes are expected to transfer from WS,
to aBP, but the uncertainty in CBM alignment leaves us less certain of the transfer of electrons.

It is important to reiterate, however, that much of this is speculation as no studies have yet to be
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Figure 4.6: (a,b) Optical images of the samples used in this study. ML WS, is outlined by blue and
hBN by white. (a) Optical image of the sample with bulk hBN. (b) Optical image of the sample
using few layer hBN. (¢) Photoluminescence spectroscopy results of ML WS, on bulk hBN (red),
few layer hBN (blue), and directly on aBP (black). The inset shows the normalized PL.
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Figure 4.7: Estimated band alignment and expected charge transfer of the WS, and aBP het-
erostructure based on the calculated CBM and VBM values from literature. The fairly large va-
lence band offset results in hole transfer from WS, to aBP, whereas with a small conduction band
offset and relative uncertainty of the true alignment of aBP, the direction of electron transfer is less
certain. From this, we would expect the band alignment to be either type-I or type-II.

performed on aBP to determine its work function or band alignment.

The WS is characterized using photoluminescence spectroscopy. A continuous wave, 405 nm
laser, is focused through a 100x objective lens on to the WS, sample. As seen in Fig. 4.6(c), the
WS, placed on thick hBN exhibits a strong luminescent peak at 2.02 eV (red), which is consistent
with previous reports and confirms the ML thickness of the WS, 121:122124125 ‘There is significant
quenching of this peak, about 95 percent, for the portion of the WS, placed directly on aBP (black).
This quenching is a likely indication of some sort of charge or energy transfer mechanism from
WS, to aBP. Without the transfer of carriers, excitons would be expected to stay in WS, and
recombine, contributing to the PL signal. It is well known that hBN serves as a near ideal substrate
for many 2D materials. It is then possible that some quenching could arise as a result of simply
being placed on a less ideal surface, however, it is hard to justify such a large effect on this basis
alone.

Looking at the sample on thinner hBN (blue), some interesting results arise. First, despite the
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thin insulating layer, there is still noticeable quenching compared to the sample on thick hBN.
There is also a secondary peak present at 1.97 eV. The emission energy of this peak is consis-
tent with that of charged excitons or trion formation, which has been previously observed in ML
WS, %178 " The presence of trions would suggest that there are either excess electrons or holes
in WS,, pointing towards a charge transfer process. It is interesting to note that this only occurs
in the heterostructure with a thin hBN barrier and not the direct junction, which may indicate a
discernible difference in the transfer mechanisms in the two cases. As briefly discussed in the pre-
vious section, the aBP films are thought to have a fairly high density of defect states, due at least in
part to the amorphous structure. Suppression of radiative recombination due to these defects could
play a role in this difference.

Looking into this further, we examine the emission spectrum for different excitation powers
in the sample on few layer hBN. The different spectra can be seen in Fig. 4.8. In most of these
measurements there are actually 3 discernible peaks. This third peak could be attributed to bi-
exciton formation, where two excitons are bound together. Each spectra is fit for 3 Lorentzian
peaks, except in the 1 uW case, as no third peak was found for unknown reasons. In this case,
the data was fit with a bi-Lorentzian function. The neutral, A-exciton peak of WS, is the blue
fitted curve, with the secondary fitted peaks shown in green and red. The yellow curves show the
cumulative fit from all three Lorentzian peaks.

Figure 4.9 shows the basic trends of these peaks for the different excitation powers. In Fig.
4.9(a), we see that each of these peaks experiences a slight blue shift with increasing excitation
power. As discussed in 3.1.2, the difference between the emission energy of the neutral exciton
and trion peaks represents the trion binding. This binding energy, as function of excitation power,
is shown in Fig. 4.9(b). Extrapolating a rough linear fit back to zero power, we find a zero density
binding energy of about 42.5 4+ 0.9 meV. This value is consistent with previous reports '21:122,
The trend of the peak heights is shown in (c), and in each case seems to increase fairly linearly,
especially in the neutral exciton case (blue). This shows that in this power range, no saturation

effects are present. Finally the the FWHM of each fitted peak is shown in (d). Here, both the
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Figure 4.8: Power dependent PL spectroscopy results of ML WS, on few layer hBN. The colored
lines are triple Lorentzian fits to the data. The blue lines are the main the A-exciton peak,the green
lines are the secondary peak, and the red lines are the third peak. The yellow lines represent the
cumulative fit.
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Figure 4.9: Power dependent trends from the Lorentz fits in Fig. 4.8. These are the (a) emission
energy, (b) peak height, (¢c) FWHM, and (d) integrated PL intensity of the neutral exciton (blue),
trion (green), and biexciton (red). All fit lines are linear fits to these trends.

exciton and trion peak widths appear independent of excitation power, where as the bi-exciton
peak broadens with increased power.

With a clear observation of charge transfer and interaction between WS, and aBP, we next
look at the dynamics of injected carriers in the different layers of the sample. This is done utilizing
ultrafast pump-probe spectroscopy methods.

First, we look at the dynamics in the ML WS, layer, by probing the A-exciton resonance of
WS, of about 2.0 eV. We inject carriers using a 3.2 eV pump with a peak fluence of 0.46 uJ cm™2.
With an absorption coefficient of 0.72 x 10% m~!, this corresponds to an injected carrier density of

4.37%10'° cm—2. The results measured from aBP, WS, on aBP, and WS, on bulk hBN are shown
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Figure 4.10: Time dependent differential reflection measurements of a 2.0 eV probe. (a) Log scale
with measurements of aBP alone (grey), WS, on aBP (blue), and WS, on bulk hBN (red). (b)
Same measurements as in (a) but normalized to more dramatically show the difference in decay
features.

in Fig. 4.10. As can be seen in Fig. 4.10(a), these measurements yield no signal from the aBP
(gray) itself. Here, we are probing about 1.2 eV above the expected A-exciton resonance of aBP,
and thus expect little to no response.

Tracking the differential reflection in WS, on bulk hBN (blue) should provide a control for
measuring the exciton lifetime in the WS, minimally influenced by the aBP. Comparing the data
from WS, on bulk hBN (blue) and WS, directly on aBP (yellow), we see a significant quenching of
the signal about 86 percent, similar to what we observed from the PL. measurements. Both datasets
are fit with bi-exponential functions, shown by the solid color coordinated lines in Fig.4.10(a). Fig.
4.10(b), shows the normalized data, to better visualize the difference in dynamics. The fit of the
ML WS, control, on hBN, gives fast and slow time constants of 0.81 + 0.07 ps and 12.5 + 0.4 ps,
respectively. WS,, directly on aBP, gave noticeably longer decay times of 1.33 £ 0.13 ps and 26.5
=+ 1.8 ps, about twice as long as on bulk hBN. Although not shown here, it is important to note that
data for WS, on thinner hBN trended more similarly to the results of WS, on thicker hBN.

The longer decay of the signal for the direct heterostructure would suggest that there is charge

separation at the interface. The longer decay is a result of the larger spatial separation of the
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Figure 4.11: Normalized time dependent differential reflection measurements of a 2.0 eV probe on
a short, few ps time scale. The blue line represents a Gaussian integral with a FWHM of 0.43 ps.
The red line is a transfer model following the equation in the legend.

induced electron-hole pairs across the junction as compared to being in the same material. We
also look at the dynamics on a short time scale to see if we observe any difference in the rise time
of the signal. This is shown in Fig. 4.11, where the two signals are normalized to highlight the
any differences. There is a noticeable, albeit small, increase in signal rise time measured from
the direct heterostructure between WS, and aBP. We quantify this difference by first modeling the
instrument response time with a Gaussian integral having a FWHM of 0.43 ps. This is shown by
the blue curve, fit to the isolated WS, response in Fig. 4.11. The red curve is based on a transfer
model, similar to eq. 3.1. The transfer time, 77, is found to be about 0.23 ps.

Next, we look at the dynamics of carriers in the 2 nm aBP film, using a 0.8 eV probe. First, we
look at the dynamics in the aBP sample injecting carriers with an energy of 1.55 eV. This pump is
focused through a 20x objective lens to spot size between 2-3 pm, injecting carriers with a peak
fluence of about 53 uJ cm~2. In this case, the energy is below the optical band gap of WS, and
thus should only excite carriers in the aBP layer. We measure the differential reflection of the 0.8
eV probe in areas of both aBP alone, and the aBP-WS, heterostructure, as a function of probe

delay. The results are shown in Fig. 4.12. The data is then fit with single exponential functions
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Figure 4.12: Differential reflection of a 0.8 eV probe from aBP (red) and WS, on aBP (blue),
injecting carriers only in aBP with a 1.55 eV pump.

to extract the exciton lifetime in each part of the sample. We find a time constant of 220+45 ps
measured from the aBP sample and 290£47 ps in the heterostructure. The slightly longer lifetime
in the heterostructure provides further evidence of charge separation in the crystalline-amorphous
vdW heterostructure.

Overall, there is substantial evidence of charge transfer between ultrathin aBP films and mono-
layer WS,. The strong quenching of both the PL and the differential reflection signal from WS,
both provide an initial indication of this. The presence of exotic peaks in the PL spectrum in
the sample on thin hBN, representing the formation of trions and possibly biexcitons, suggests that
there is charge separation in the heterostructure, as well as, evidence of coupling between the mate-
rials strong enough to illicit tunneling through an insulating barrier, albeit a thin one. A noticeably
longer exciton lifetimes measured from the heterostructure region compared to the isolated indi-
vidual materials additionally supports the observation of charge separation at the junction. These
findings hold much promise for future applications involving amorphous semiconductors and 2D

materials alike. The result of charge transfer and thus electronic interaction between amorphous
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and crystalline 2D layers can open up new avenues for device functionality. Combining the inex-
pensive and easy application of amorphous materials and the superior performance of crystalline
layered materials like the TMDs could prove promising for future applications in photovoltaics,

thin film transistors, and beyond.
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Chapter 5

Exciton Dynamics in 2D Lateral Heterostructures

5.1 Introduction to 2D Lateral Heterostructures

In the previous sections, we highlighted several examples of vertically stacked heterostructures.
The ability to use van der Waals interaction to weakly adhere two individual layers, virtually ig-
noring lattice parameters, is a significant advantage that 2D materials possess. However, it is also
very intriguing to explore the opportunities of in-plane, lateral heterostructures in the 2D realm.
Lateral modulation of electronic and optical properties of 2D materials is necessary for planar
devices with high-density integration potentials, such as atomically thin p-n diodes, light-emitting
devices, and photovoltaic devices. Since 2014, several groups have reported on the fabrication of
lateral heterostructures made from ML TMDs, such as chalcogen-changing MoS>-MoSe, 7 and
WS,-WSe, 179180 and metal-changing MoS,-WS, 180-184 3nd MoSe,-WSe, 182, These TMD lat-
eral heterostructures have atomically sharp, high-quality interfaces and coherent lattice matching
between the two materials. Furthermore, using two-step epitaxy growth, it is possible to fabricate
heterostructures with both chalcogen and metal atoms changing, such as WSe,>-MoS,, where alloy
formation in the junction region can be avoided, and the shape of the junction can be precisely con-

trolled '8¢, There has also been patterned growth of lateral heterostructures utilizing lithography '%’

or focused ion beam etching '88:187

, 1llustrating the potential of device integration.

The successful fabrication of lateral heterostructures has enabled the study of electron transport
across semiconducting junctions at the atomic limit, a core issue for applications in electronics
and optoelectronics. Many of the TMD lateral heterostructures have been found to form type-II

band alignment, which will facilitate the separation of electrons and holes at the junction 20192,
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When the two materials forming a heterostructure have different types of charge carriers, effective
p-n junctions can form, as confirmed by observations of current rectification and photovoltaic
effects 179 18L183:186:193 " Others have found certain lateral TMD-TMD structures can exhibit type-I

band alignment 87

, allowing for full spectrum of charge and energy transfer mechanisms.
Although these pioneer studies have revealed the effectiveness of electron transport in these
materials, quantitative information on the mechanisms of this process is rare. The following study
explores the drift transport of optically injected carriers near the planar junction between MoS, and
MoSe;. Spatially and temporally resolved pump-probe experiments are utilized to track the spatial

profile of the injected photocarrier density, providing a more quantitative approach for studying

the lateral transport of charge carriers in 2D materials.

5.2 Photocarrier Drift Across Type-1 MoS;-MoSe, Lateral Heterostructure

The samples for this project were provided by Dr. Kai Xiao and team at Oak Ridge National
Laboratory. These lateral heterostructures are formed using a pulsed laser vaporization method
outlined in more detail in Ref. [187]. First, MoSe, MLs are grown by a pulsed laser deposition
assisted vapor transport technique. Using electron beam lithography, different sized strips are
patterned for SiO; deposition. For this project, these strips varied in width from 0.5 um to 7 yum.
A sulfurization process is then used to convert exposed areas, not covered by SiO;, from MoSe; to
MoS,. The physical junction size at the interface is found to be about 5 nm wide '%7.

An ideal representation of the samples crystal structure is shown in Fig. 5.1(a). The gray atoms
are molybdenum, with the red and blue atoms representing sulfur and selenide, respectively. Figure
5.1(b) shows an optical image of one of the samples used in this study, which has alternating MoS,;
and MoSe; strips, 7 um wide. The blueish color regions are MoSe, covered with about 50 nm
thick SiO,, leaving the uncovered areas to be MoS, after the sulfurization process. The wide strips
provide isolated areas of each material for a direct comparison of properties, as well as the ability

to look at the behavior of a single junction. We later study samples with 500 nm strips which

provides further insight into more aspects of the carrier dynamics in these heterostructures and a

71



(a) MoS, MoSe, (b)

[ Pump: 1.85 eV, Probe: 1.53 eV

e, _fh!

Probe

4
Peak AR/R, (10°)

i
0 10 20 30 40
Sample Position (um)

Figure 5.1: (a) Schematic of the crystal structure for an ideal MoS,;-MoSe; heterostructure. (b)
Optical image of the sample with alternating 7 um strips of MoS, and MoSe;. Tge bluish colored
region is the MoSe; covered by a SiO; film. (c¢) Schematic of the band alignment of the sample
and the pump-probe experiment. The blue and red arrows represent the pump and probe energies,
respectively. A probe resonant with the gap energy in MoSe; will not be sensitive to carriers in
MoS; (d) Peak differential reflection scanned across the 7 yum sample shown in (b). The yellow
arrow in (b) shows the path of the scan.
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chance to observe more general junction behavior.

5.2.1 Exciton Dynamics in MoSe, and MoS,

To study the photocarrier dynamics in these samples we utilize transient absorption measurements.
Pump and probe laser pulses, of about 100 fs in duration, are focused onto the sample, through
a 20x objective lens, to a size of about 1.5 um in FWHM. As defined in previous chapters, we
measure the differential reflection of the probe.

For much of the experiment, we use a 1.53 eV probe, which closely matches the A-exciton
resonance of ML MoSe; '37. Figure 5.1(c) shows the expected band alignment and justification for
using this probe. With the smaller of the two band gaps, probing MoSe; allows us to selectively
probe carriers only in this material. This will be more important later, when trying to resolve
transport mechanisms near the junction.

To confirm this, we first measure the differential reflection at zero delay (peak signal), and scan
across the sample. The results are shown in Fig. 5.1(d), with the yellow arrow in Fig. 5.1(b)
showing the scan path. Here, a 1.85 eV pump, with a spot size of 1.5 um in FWHM, is used with
a peak fluence of about 20 uJ cm~2. With estimated absorption coefficients of 2 x 10° cm™! in
MoSe, and 3.5 x 10° cm™! in MoS,#2, we expect this to correspond to injected carrier densities
of 10'2 cm™2 and 1.8 x 10'? cm~2, respectively. Despite injecting carriers in both materials, it is
clear from the results in Fig. 5.1(d) that the probe in this case is only sensitive to the MoSe, portion
of the sample. It is also important to note that a portion of the deposited SiO; that is not covering
MoSe;, is measured in this scan, and expectedly produces no AR/Ry signal. This confirms that the
signal we see from MoSe, is indeed from MoSe; and not from the protective SiO; layer.

Next, we measure the differential reflection as a function of the relative time delay, gaining
insight into the dynamics of photocarriers in the two ML regions. Figure 5.2 shows the decay
profiles for different regions of the sample. The blue and gray symbols represent the differential
reflection of the same 1.53 eV probe, used previously, as measured from the MoSe, and MoS,

regions, respectively. In MoSe,, the decay of the signal was fit by a bi-exponential function,
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Figure 5.2: (a) Time resolved differential reflection signal measured in different regions of the
sample. The blue and gray squares represent the signal from a 1.53 eV probe, resonant with
MoSe,, measured from MoSe, and MoS,, respectively. The black lines represent bi-exponential
fits to the data. (b) The same measurements as in (a), but on a shorter (few ps) time scale.

AR/Ry = A x exp(—t/71) + Ay X exp(—t/72) + Ao, as shown by the black curve over the data.
The two decay constants are found to be 7y = 13+ 1 ps and 7, = 190 £ 50 ps, respectively, with
A1 : Ay~ 4:1. We attribute the long time constant to the exciton lifetime in MoSe,. The short

169:170 o hot excitons.

time constant could originate from effects of exciton-exciton annihilation
As expected, there is no signal detected from the MoS; region (gray symbols), which is attributed
to the probe energy being below the exciton resonance of MoS,.

Considering that the MoS;, was fabricated by the sulfurization of MoSe;, it is necessary to
probe the photocarrier dynamics in MoS,. For this purpose, we measured the differential reflection
of a 1.86 eV probe, which is tuned near the A-exciton resonance of MoS,, with a 3.20 eV pump.
The results of this configuration as measured from the MoS, region are shown in Fig. 5.2 as the
red symbols. Here, we find an initial fast decay of about 1 ps, highlighted in Fig. 5.2(b), which

represents a short transient process as free-carriers form excitons333*. After this short process,

we can fit the decay of the signal with a single exponential function, AR/Ry = A.exp(—t/7) + Ao,
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where 7 again represents the exciton lifetime. The fit is shown by the respective black curve in Fig.
5.2(a) and is has a time constant of 24 + 2 ps. This exciton lifetime is comparable to exfoliated

MoS; MLs 12132 confirming the high quality of MoS, fabricated by this method.

5.2.2 Observation of Type-I Band Alignment

The previous section established the dynamics in the two materials in isolated regions of each. To
gain a better understanding of the dynamics near the junction we change our focus to a sample
with 0.5 um alternating strips. It is not sufficient to look at the decay profile at a single junction.

This is because the physical junction size (~5 nm) '8’

is far too small to contribute to the signal,
since the probe spot size is larger than a micrometer. Having thinner strips of the two materials
allows for a greater contribution, from multiple junctions, to the overall signal.

Figure 5.3(a) shows an optical image of the sample used for this purpose. As before, the blueish
strips are the SiO; covered MoSe; regions, with the uncovered regions being MoS;. Again, the
sample is excited using a 1.85 eV pump and the differential reflection of a 1.53 eV probe is measure
as a function of relative delay time. The results are shown in Fig. 5.3(b) for the 0.5 um strips
(orange). For comparison, the results from the isolated MoSe, sample are re-plotted from Fig. 5.2
(blue). The magnitude of the signal from the heterostructure sample is significantly less than that
from MoSe, alone. This is largely attributed to the probe partially overlapping regions of MoS,,
to which it is not sensitive. Additionally, some sample to sample variation could contribute to the
decreased magnitude of the probe reflection. In fitting this data with a bi-exponential function, we
find short and long time constants of 14 4+ 9 ps and 67 + 20 ps, with comparable contributions.
The lack of a slow component would suggest that both electrons and holes transfer, as expected
from type-I alignment. If type-II, the charge separation at the junction would be expected to create
a longer exciton lifetime, similar to observations in TMD vertical heterostructures 35:78:79;102;194
The early part of the dynamics are shown in Fig. 5.3(c). Here, the two signals are normalized

to facilitate a better comparison between the signal rise time in each case. There is a noticeably

longer rise of the signal in the heterostructure case compared to the isolated MoSe, ML. The gray
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Figure 5.3: (a) Optical image of the sample with 0.5 um alternating strips of MoS, and MoSe;.
(b) Time resolved differential reflection of a 1.53 eV probe for isolated MoSe; (blue) and the 500
nm strips (orange). The black curves represent exponential fits to the data. (c) Short time scale
measurements of the same regions in (b). The gray line represents a Gaussian integral fit to the rise
time of the isolated MoSe, data and the red line is a transfer model for the rise time of the signal
from the heterostructure.

line, fit to the MoSe; ML data, is calculated using a Gaussian integral with a width of 0.275 ps.
This value is close to the cross-correlation width of the pump and probe pulses, and thus represents
the time resolution of the experiment. The red line, fit to the heterostructure data, is represented
by N[l —exp(—t/7tr)] + Na, where N| and N, represent the initial exciton densities in MoS, and
MoSe,, respectively. Here, Tr represents the transfer time for the signal to reach its peak and is
found to be about 0.8 ps. This increased rise time is strong evidence of exciton transfer from MoS,;

to MoSe, and type-I band alignment.

5.2.3 Observation of Exciton Drift

With strong evidence that carriers are indeed transferring from MoS, to MoSe,, we next want to
observe more about the dynamics of this carrier transfer. This is done by tracking the differential
reflection of a 1.53 eV probe over time, as well as, a function of the relative spatial separation
between the pump and probe pulses. A schematic of this spatiotemporal measurement scheme is
shown in Fig. 5.4. To keep the relative pump-probe separation consistent with the sample position,
the probe is kept stationary near the junction while the position of the pump is swept across the

sample.
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Figure 5.4(a) shows the expected band alignment and exciton transfer at the junction. The
blue and red arrows represent the pump and probe energies, respectively. Carriers are injected
in both layers, but the band offsets at the junction create a built-in electrical potential facilitating
the transfer of both types of charge. As shown earlier, the probe is only sensitive to the carriers
near the band edge in MoSe,. Figure 5.4(b) shows a schematic of the initial carrier distribution
near the junction (zero delay). The yellow and red circles represent excitons injected in MoS;
and MoSe,, respectively. At later probe delays, the excitons in MoS; transfer to MoSe, and take
on the properties of MoSe, excitons, as shown in Fig. 5.4(c). It is also important to note that
band alignment additionally prevents either charge carrier to transfer in the opposite direction (into
MoS5). Thus, the expectation would be for a build-up of carriers near the junction.

For this experiment a more energetic 2.21 eV pump is focused through a 100 x objective lens,
to a spot size of 0.65 pm, injecting carriers with a peak fluence of 78.3 uJ cm™—2. With absorption
coefficients of 3 x 10° cm™! and 2.6 x 10° cm~!“2, this corresponds to injected carrier densities
of 4.6 x 10'? cm~2 and 4.0 x 10'2 cm~? in MoS; and MoSe,, respectively. In this experiment, the
probe with a FWHM spot size of about 0.9 um, is positioned about 0.5 um onto the MoSe, side
of a single junction of the 7 um sample. This is done to help increase the signal to noise ratio, but
still see effects from carriers injected in MoS;. The results of these spatiotemporal measurements
are shown in Fig. 5.5. The signal shows a clear trend towards the MoS; side of the junction with
increased delay time, which is consistent with the expectations discussed early and strong evidence
for carriers moving from MoS; to MoSe,. Fig. 5.5(b) shows the measured spatial profiles at each
time step. A plot of the normalized spatial profiles is shown in Fig. 5.5(c) in order to provide a
better visual of the shift at later delay times.

Each profile is fit with an asymmetric double sigmoidal function in order to extract the center

position of the profile. The fitting function is given by,

1 1
y=yt+tA ————g |1l ———————— (5.1)

X—Xxc+ 2

l4e ™ l4e  m
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Figure 5.4: (a) Schematic of the expected band alignment and exciton transport. The blue and red
arrows represent the energy of the pump and probe, respectively. (b) Schematic of the differential
reflection scheme near the junction at the time of carrier injection. The yellow and red circles
are excitons injected in MoS, and MoSe,, respectively. The black line represents the measured
center of the distribution (c) Schematic of the experiment at a later time, after carrier injection.
The measured center of the profile (black line) shifts towards the junction as excitons transfer from
MOSQ. 78
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Figure 5.5: (a) Spatiotemporal differential reflection measurements measured across a single
MoS;-MoSe, junction. The red line shows the peak signal in time. The vertical white line, at
x = 0, represents the junction between materials. (b) Spatial profiles of the differential reflection
measurements for different delay times with the colors going from violet to red representing early
to late delay times. The color coordinated lines are asymmetric double sigmoidal fits to the data.
(c) A sampling of normalized spatial profiles with the same fits from (b) providing a better visual
of the shifting profile. (d) The position of the peak center of each fit as a function of delay time.
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Figure 5.6: Width of the left (red) and right (blue) contributions to the asymmetric double sig-
moidal fits to the spatial profiles.

where x, is the center of the profile, wy is the full width at half maximum of the profile, and w;, and
w3 are the variance or width of the left and right sides, respectively.

Ultimately, the fairly large shift of x, towards the junction with increasing delay time, as shown
in Fig. 5.5(d), as well as by the red overlay in (a), provides strong evidence of carrier transport from
MoS; to MoSe;. Further evidence of this is shown in Fig. 5.6, where the width of each side of this
double sigmoidal fit is tracked as function of delay time. It is clearly seen that the left side, trending
further into MoSe;, expands, whereas the right side, trending towards the junction remains fairly
constant. With the position of the highest carrier density trending towards the junction, but the
profile width only expanding away from the junction, this is a clear indication of carrier build-up
near the junction.

Finally, to additionally confirm that this observation is not a result of unforeseen impacts of the

experimental process and that the result is from carrier transport across the junction, we perform

80



2
Probe Delay (ps)
—_ —_ N N w
o w o w o

w

05

00

0
-1.0 -0.5

Pump Position (um)

1.0

ARIR, (107)

1.3

b

%ﬂ& t

1I0 1I5 2I0
Probe Delay (ps)

0 5

25

30

35

Width (um)

s
w
T

©
[N
T

o©

o
o

Probe Delay
= 13ps
= 53ps
= 93ps
= 13ps
s 17ps
= 21ps
= 26ps
= 31ps

0.0 0.5

—e—
——

L L L L L
10 15 20 25 30 35

Probe Delay (ps)

Figure 5.7: (a) Spatiotemporal differential reflection of a 1.53 eV probe for a pump energy of 1.72
eV. (b) The spatial profiles at a sample of delay time. The fits in this case are Gaussian fits. (c) Plot
of the Gaussian center of each spatial profile fit as a function of the delay time.

the experiment again with a 1.72 eV pump. This pump energy is below the band gap of MoS,, and

thus selectively injects carriers in MoSe,. The results of this experiment are shown in Fig. 5.7.

Here, each spatial profile, Fig. 5.7(b), is fit with a Gaussian function to extract the center position.

This center position is tracked as a function of delay time, as shown in Fig. 5.7(c). With no carriers

injected in MoS,, the position of the distribution remains relatively constant. This would indicate

that the previously observed shift of the distribution is certainly from the transfer of carriers from

MoS,; to MoSe;.
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5.2.4 Model of Carrier Dynamics

With clear evidence of exciton transfer across the junction, we next attempt to quantify this result.
Had this study involved a uniform sample under the influence of an external electric field, it would
be relatively simple to quantify a drift velocity. One could simply track the position of the distri-
bution over time. However, in our case, the movement of the measured distribution is opposite of
the expected transfer direction, because we are selectively probing carriers on one side. Thus, we
modeled the experiment in order to extract the evolution of the injected carrier profile.

In the spatiotemporal measurements, the spatial profile measured at each time step is considered
to be a spatial convolution of the injected carrier density and the sensitivity profile of the probe. In

general terms, the convolution of any two functions, A and B, is given by:

Clx) = / T AW)B(x— )y 5:2)

where U is the spatially shifted position of B. In this simulation, the probe profile, P(x), is taken as
the measured Gaussian profile of the probe laser spot multiplied by a Heaviside function centered

at the MoS,-MoSe; junction, taken as x = 0,

—(x=x0)

P(x) = e 22 0O(x) (5.3)
oV2m
0 x<0
Ox) = 5.4)
1 x>0

Here, o is the full width half maximum (FWHM) of the Gaussian and X, is the center of the profile
relative to the junction. This way the sensitivity of the probe only considers the contribution from
carriers present in MoSe;. This profile is shown in Fig. 5.8 (red) for 6 = 0.9 ym and x, = 0.5 um.

A similar treatment is used for building the injected carrier density. First, it is important to
recognize that the pump laser injects carriers differently in the two materials. This means we cannot

simply treat the initial injected carrier density as the pump laser spot, but rather as two halves of the
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measured pump Gaussian profile with different amplitudes. Their respective amplitudes are based
on the absorption coefficients of the two materials for the pump energy used in the experiment,
2.21 eV. We also correct for the loss of transmission into the MoSe; layer due to the protective
Si0, layer.

To construct the overall profile for the injected carrier density, we use the same Gaussian profile
for each side of the junction, multiply each half by opposing Heaviside functions, and include

appropriate coefficients to the respective sides,

aMOSZ B _(X—XU)Z

N, X)) = 262 —X), 5.5

MOSz( ) G\/ﬁ ( ) ( )
(04 *(X*XU)Z

Nitoses (X) = 192,502~ @(x), (5.6)

oV2m
The two sides are then added to one another to create the overall profile of the injected carrier
density,

N()C) = NM0S2 (x) +NM(JS€2 (x) 5.7

This profile at different values of x,, are shown in Fig. 5.8 (teal).

The convolution of P(x) and N(x) is then found according to 5.2,

C(x) = /°° P(x)N(x —x,)dx, (5.8)

and shown in Fig. 5.8 (black).

Since the goal of this simulation is to mimic the results of the spatiotemporal measurements,
we also need to include the dynamics of the injected carrier density. Since the dynamics are
measured in the experiment by considering a relative difference in arrival time between the pump
and probe pulses, we disregard any time dependence of the probe and focus on the appropriate
time dependence in, N = N(x,?).

The dynamics of the injected carriers have two main components, exciton lifetime and dif-
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Figure 5.8: Depiction of how the spatial convolution is found in the simulation of the pump-probe
experiment. The red curve represents the probe sensitivity profile. The teal curves are the injected

carrier density profiles for different sample positions. The black curve is the convolution of the
two at time, t=0.
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Figure 5.9: (a) Simulation of the spatiotemporal transient absorption experiment without the inclu-
sion of carrier transfer. (b) Peak position as a function of probe delay as calculated by the model
(red) and from the data (blue).

fusion. We will later consider the effects of transport across the junction. The exciton lifetime
is included by multiplying N(x) by the bi-exponential decay function previously fit to the data.
Diffusion of the injected carriers is included by adding a time dependence to the Gaussian width,

o = o(t). This gives us

*(X*Xo)z

N(x,1) = (Aje T +Are @) — 2 ¢ 2% @(x) (5.9)
o(t)V2r
where,
62(t) = o4 +11.09D¢ (5.10)

with oy being the initial width of the profile and D as the diffusion coefficient.

From this, we can calculate the convolution at several time steps and build a representation of
the experiment, as shown in Fig. 5.9(a). Tracking the peak position, shown in Fig. 5.9(b), we show
that the modeled distribution trends slightly towards the MoSe, side of the heterostructure, contrary
to the measured data. This suggests that the model requires some sort of transfer component to
better represent the mechanisms observed in the data.

Until now, we have not included any influences of the expected behavior of carriers at, or
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near, the junction in this model. Regardless of injection site, the resulting excitons are expected to
diffuse radially outward. However, due to the type-I band alignment, what happens at the junction
is entirely dependent of which side they are injected. On the MoS; side, carriers can transfer across
the junction. This can occur through the continuation of diffusive transport into MoSe; or through
drift transport as a result of the built-in electrical potential from the conduction and valence band
offsets at the junction. With the actual junction constituting such a small percentage of the total
measured area, we only consider the diffusive aspect of this transfer.

In the model, this is implemented by adding a dynamic aspect to the Heaviside function that
forms the MoS side of the injected carrier distribution. For simplicity, we consider this process to
be linearly time dependent, shown by,

_ 1 _ (04 —_W—to)
Numos, (x,1) = (Are o +Aze 2)————e 20°0) O(—x—r) (5.11)

where v, can be thought of as a transfer velocity parameter.

Figure 5.10 shows how this transfer effects the injected carrier distribution profile in the simu-
lation. Here, the carrier density is only shown for the pump spot centered at the junction, xo = 0.
For times ¢ > 0, Ny,s, extends further into the MoSe; side, adding to the distribution in MoSe;.
One way to look at this effect is as a maximum distance that carriers injected in MoS; can diffuse
into MoSe, after a certain duration of time.

As for carriers injected on the MoSe; side of the junction, they are prohibited from transferring
into MoS,. This likely results in a built up of carriers near the junction. Previously, the model did
not take into account the loss of the distribution on the MoSe; due to diffusive broadening across
the junction. This is fixed by taking the difference between the integrals of the initial injected
distribution in MoSe; and that at time, ¢, to find the total density lost. This is calculated as a
function of both delay time and pump position. This contribution is then added back to the MoSe;
side of the distribution with a fairly quickly decaying exponential profile to represent the build up
of carriers at the junction.

Tuning both the transfer velocity parameter and the shape of the build up function, we try
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Figure 5.10: Injected carrier density profile centered at the junction for different probe delays. For
simplicity, the displacement parameter, here, is varied linearly in time at a rate of 8 x 10° cm/s.

to match the observed shift of the distribution observed from the experiment. With the modeled
distribution resulting in smooth convolutions, we can simply take the position of the maximum to
represent the center position. The results of this fit are shown in Fig. 5.11(a). The fit was based on
the first 20 ps. After 20 ps, the measured signal becomes significantly reduced making it difficult
to reliably extract the center position.

The transfer velocity parameter is found to be about 10® cm s~!. It is important to mention
that this velocity results in a transfer length of 0.35 um from the junction, which is reasonable
considering a diffusion length of about 0.5 um calculated from the diffusion coefficient and exciton
lifetime in MoSe;. Figure 5.11(b) shows the modeled evolution of the carrier distribution at a
single injection site, a little more than 0.5 pm from the junction in MoSe,. Here, we can see that
the distribution diffuses outward over time from the center of injection, and the carriers transferring
from MoS; provide a contribution near the junction that increases over time.

Ultimately, these results give great promise not only for the potential of 2D lateral heterostruc-

tures, but the ability to observe different transport phenomena in ultrathin systems. We find that

87



0.5

Peak Position (um)

0.3

Figure 5.11: (a) Peak position extracted from the measured data (black squares) and the model
(red line) as a function of probe delay. The model uses a value of 0.01 um/ps for the velocity
parameter. (b) Contour plot of the modeled carrier density as function of sample position and
probe delay. This is for a single injection site (pump spot position), centered a little more than 0.5

Model (v = 0.01 um/ps)
u Data

5 10 15
Probe Delay (ps)

20

Normalized Carrier Density

(arb.units)

(b) 1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0 L 0.0
5 0.0 0.5 1.0 1.5

0

w
o

Probe Delay (ps)
N
o

-
o

Sample Position (um)

um into MoSe;, to show how the transfer and build up functions effect the distribution.

lithographically patterned MoS;-MoSe; heterostructures indeed form a semiconductor junction
with type-I band alignment. This facilitates exciton transport from MoS; to MoSe, at a rate on the
order of 10% cm s~!. This proven ability to directly observe the evolution of an optically injected

carrier distribution is especially promising for the discovery of new revelations in carrier transport

phenomena in 2D materials and heterostructures.
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Chapter 6

Lateral Homostructures Formed in Monolayer TMDs

6.1 Introduction to TMD Lateral Homostructures

The previous section looked at carrier dynamics at the 1D interface between two different TMD
MLs. Another area of importance for 2D materials research is the formation of electronic junc-
tions within the same sheet of a single material, referred to, here, as a homojunction. Several
studies in recent years have shown the ability to create effective homojunctions within monolayer

92-94

TMDs. This has been demonstrated through electronic doping , chemically doping®, as well

as through altering the dielectric environment surrounding a 2D material 3%:%.

From an applications standpoint, the use of local gates to modify the electronic structure in
different areas of a semiconducting material holds a lot of promise. Several groups have shown
the ability of this method to create semiconducting junctions that effectively modulate current
flow under certain dual-gate bias conditions?>*. In cases where the material is ambipolar, the
different gate biases will actually create both a P-doped and N-doped side, making a true P-N
junction. This can lead to multi-functional devices, which under different bias configurations can
operate as transistors, LEDs, or photovoltaics. The use of chemical doping or other methods
involving more permanent homojunction formation will tend to create a sharper interface. This
is due to the formation of the junction by either lithographic techniques or simply at the straight
edge between a ML and multilayer sample. In chemical doping, the two sides are oppositely
doped to either N or P, making a PN junction®. With a layer-dependent band energy in many 2D

materials, lateral junctions can also form at the interface between ML and multilayer samples”®.

With the mechanism often being explained by Coulomb screening effects, altering the dielectric
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environment of a sample area effectively creates a junction®. For example, partially covering a
ML region through vdWs stacking would be expected to alter the band structure in the covered
portion creating a junction at the interface between the covered and non-covered regions.
Ultimately, studying this effect is not only important for potential applications, but also for
the understanding of more complex layered structures. With industry trends beginning to move
towards 3D device integration, it is likely that future applications of 2D materials will also involve
the 3D integration of several diverse layers. Thus, a thorough understanding of in-plane effects
as a result of vertical layering is imperative to the discussion. In this section we will begin to
explore this by looking at the formation of a lateral junction within a ML TMD, MoSe;, by adding
relatively thick layers of hBN over a portion of the ML. With hBN being an electrically insulating
material, we do not expect any out-of-plane interaction, and thus focus on the in-plane junction

created at the boundary between the covered and uncovered regions of the samples.

6.2 Junction Formation in MoSe; Monolayer by Increased Coulomb Screen-
ing

Samples for this project were fabricated by mechanical exfoliation onto PDMS substrates. First,
ML MoSe, flakes are transferred from the PDMS onto Si/SiO; (90 nm) substrates and annealed
at 200°C in a Hy/Ar environment for 2 hrs. Relatively thick hBN flakes (~5-10 nm), estimated by
optical contrast, are then transferred on top of the MoSe; partially covering the material, leaving
enough area exposed to facilitate measurements across the junction, as well as, either side. One of
the samples used in this study is shown in Fig. 6.1(a).

To characterize the samples, we perform photoluminescence spectroscopy measurements. Here,
a 405 nm continuous wave laser is focused through a 100x objective lens. The resulting emission
spectra for the uncovered and hBN-covered regions of the ML MoSe, sample are shown, normal-
ized, in Fig. 6.1(b) in red and blue, respectively. The magnitude of the PL peak from the covered

sample was found to be noticeably larger, by factor of about 2.4, which can be attributed to fewer
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Figure 6.1: (a) Optical image of one of the samples used in this experiment. (b) Photoluminescence
measurements for ML MoSe, (red) and ML MoSe, covered with hBN (blue)

defects in the covered area. With measurements taken under ambient conditions, influences such
as H,O absorption and moderate sample degradation from slow oxidation processes can increase
defect sites and thus reduce radiative recombination yields. The use of hBN as a passivation layer
has been widely shown to lessen these effects and preserve sample integrity.Fitting the peaks with
Lorenz functions, we find that the ML MoSe, has an emission energy of 1.569 eV, that blue shifts
as much as 12 meV when covered by hBN.

Initially, one would expect to observe a larger shift in the PL emission energy as a result of
the changing dielectric environment. Increased dielectric screening in the hBN covered region, is
expected to largely reduce the exciton binding energy, as previous reports have shown, up to several
hundred meV3¢. However, as seen from the layer dependent electronic structure, it is known that
increased screening effects significantly alter the band gap in these materials3®. As mentioned in
Sect. 2.1, the optical band gap is lower than the electronic band gap due to exciton binding energy.
The optical gap is actually considered to be the difference between the electronic gap energy and
the exciton binding energy. In our case, then, it actually makes sense that we do not see a large
change in the energy of PL emission as one of these effects would increase the energy, while the

other decreases it.

91



I [Pump: 1.75 eV

-
o

u  hBN-MoSe,
_08 = ML MoSe,
&
14
< 06
o]
o]
N
T 04
£
o)
=z

©
N}

o
o

1.232 1.|54 1.|56 1.|58 1.|60
Probe Energy (eV)

Figure 6.2: Normalized peak differential reflection signal for different probe wavelengths as mea-
sured from ML MoSe, (red) and hBN covered MoSe; (blue)

Next, we measure the peak differential reflection on each side of the junction as a function of
the probe wavelength. We inject carriers in the sample using a 1.75 eV pump focused through a
100 x objective lens to a spot size of about 0.9 um. With a peak injected fluence of 13.9 uJ cm—2,
this corresponds to a carrier density of about 4.74x10'! cm™2, based on an absorption coefficient
of 1.37x10” m~! in MoSe, for this pump energy. The normalized peak differential reflection at
each probe energy is shown in Fig. 6.2. Here, the results measured from the uncovered MoSe; is
shown in red and the hBN-covered area shown in blue. The fit lines are based on an asymmetrical
double sigmoidal function (eq. 5.1). From these fits, we find peak positions of about 1.55 eV and
1.56 eV from the uncovered and covered regions, respectively. Similar to the PL results, there is a
noticeable blue shift (10 meV) of the dependence when covered with hBN.

Measuring the differential reflection signal in both regions as a function of probe delay, we find
a noticeable difference in the exciton lifetime in the two regions. This is shown in Fig. 6.3, for a
1.57 eV probe. Here, we use the same injected fluence and pump energies as above for a 1.75 eV

pump. Each curve is fit with a bi-exponential decay with a baseline,

AR L _t
— =Apg+Aje T +Are ™ (6.1)
Ro
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Figure 6.3: Differential reflection measurements as a function of relative probe delay for MoSe,
(red) and hBN covered MoSe, (blue)

as shown by the black curves. Each of these fits begins after an very short lived decay process that is
attributed to exciton formation. From this bi-exponential fit, we find two different time-dependent
processes. The first, represented by 7;, takes 16 £ 2 ps on each side of the junction, and is likely
attributed to the exciton-exciton annihilation or hot excitons3334. The second process, found by
T, represents the exciton lifetime on each side. This is found to be 114 + 9 ps on the uncovered
side, and 88 & 4 ps on the hBN-covered side. The decreased exciton lifetime when covered with
hBN is likely the result of decreased exciton binding energy from increased dielectric screening. It
is also interesting to note, similarly to the PL yield in the two regions, the covered region provides

a signal about 2.5 x stronger than the uncovered region.

6.2.1 Spatiotemporally Resolved Carrier Distributions in MoSe, and hBN

Covered MoSe,

In addition to measuring the differential reflection as a function of probe delay, we also measure

AR/Ry as a function of the relative separation between the pump and probe positions. Here, the
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Figure 6.4: (a) Spatiotemporally resolved differential reflection measurements on uncovered ML
MoSe,. (b) Spatial profiles at each time step for the data in (a). The color-coded lines are Gaussian
fits to each data data.

1.75 eV probe is held at a constant position on the sample and the intensity of the reflection is
measured for different spatial positions of the pump.

First, we use this technique to look at the dynamics in the uncovered portion of the MoSe,
sample. The same 1.75 eV pump, as used above, again injects carriers in the sample with a density
of about 4.74 x 10! cm~2, at different relative positions to the probe spot. The resulting differen-
tial reflection of the probe as a function of this separation and probe delay is shown in Fig. 6.4(a).
The corresponding spatial profiles for several probe delays are shown in Fig. 6.4(b). These profiles
are the spatial convolution of the injected carrier density and the probe profile. Since both the
pump and probe beams are spatially Gaussian, this convolution is also expected to be Gaussian at
each time step, assuming the carrier density diffuses isotropically outward. We thus fit the spatial
profiles using Gaussian functions (color coordinated lines) to extract both the center position and
FWHM of each. Here, it is important to note that the center of each profile is found to be roughly
constant.

Next, using the same experimental setup, we measure the response from the hBN covered area
of the sample. Here, we try to measure sufficiently far away from the junction, as well as, find an
area free from interlayer contaminants. The results are shown in Fig. 6.5(a). The spatial profiles for

different delay times are shown in Fig. 6.5(b). Oddly, we see the distribution shift to the right. This
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Figure 6.5: (a) Spatiotemporally resolved differential reflection measurements on hBN covered
ML MoSe;. (b) Spatial profiles at various time steps for the data in (a). The color-coded lines are
Gaussian fits to each set of data.

could be caused by non-uniformity in the sample due to trapped contaminants between the MoSe;
and hBN layers. Nonetheless, the profiles maintain a Gaussian shape and are thus fit accordingly
(color coordinated lines).

From the Gaussian fits of each dataset, the FWHM and center position for every time step is
extracted. Using the squared width, we deduce the diffusion coefficients in the two regions of
the sample. The squared widths as a function of delay time for the covered (blue) and uncovered
(red) regions are shown in Fig. 6.6. By the relation w? = w% + 11.09D¢, we are able to obtain the
diffusion coefficient from the slope of the linear fits (blue and red lines). The diffusion coefficients
are found to be 4.36 & 0.08 cm? s~! and 3.12 & 0.15 cm? s~! for the covered and uncovered

regions, respectively.

6.2.2 Exciton Drift at the Lateral Junction Between Uncovered and Covered

MoSe,

Next, we focus our attention on the junction between the covered and uncovered areas. If there is
transport of injected carriers across the junction due to a change in band energy in the hBN-covered

MoSe;, performing the same experiment should show a drift of the carrier distribution towards one
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Figure 6.6: Squared width of the Gaussian profiles in 6.4(b) (red) and 6.5(b) (blue) as a function
of probe delay. The lines are linear fits to extract the diffusion coefficients.

side or the other. If there is no carrier transport, the shape of the spatial profiles would be expected
to simply broaden and not shift in either direction. It should also be mentioned a shift in the
effective work function of MoSe;, without a change to the gap energy, would be expected to create
a type-II junction, resulting in charge separation. In this case, one would expect the distribution to
split into two peaks.

Here, trying to better resolve any possible transfer, we inject carriers with a less energetic,
1.675 eV pump. With an absorption coefficient of 1.34x10” m~!, and peak injected fluence of
27.8 uJ cm™2, we are injecting a peak areal density of 9.64 x 10'! cm~2. Since we are injecting
and probing carriers in both layers, a lower energy pump should reduce the effects seen from hot
carriers in the early stage dynamics and should help us to observe more of the effects from transport
phenomena.

For these measurements, the probe laser spot is centered as close to the junction as possible.
This is to more reliably track the center position of the distribution. The peak signal at zero delay
should be at the best overlap position of the pump and probe, which here is very near the junction.
This way, any shift of the profile is likely a sign of transport in that direction. The results are

shown in Fig. 6.7(a). The black line represents the estimated position of the junction between the

96



ARIR, (10%)
4.0

] (a) covered Uncovered 34 a5 (b) Probe Delay (ps):
S s 0
29 = 8
40 30 o 16
= o 24
2 24 o5} = 32
> o m 40
w 30 2
< 1.9 - 20k = 48
% o
g 20 1.4 o 1.5}
[ <
o 0.9 1.0
10
0.4 05t
0 01 0.0 Covered | Uncovered
-1.0 -0.5 0.0 0.5 1.0 - -1.0 -0.5 0.0 0.5 1.0
Pump/Probe Separation (um) Pump/Probe Separation (um)

Figure 6.7: (a) Spatiotemporally resolved differential reflection measurements with the probe
placed at the junction between the hBN covered and uncovered areas of MoSe,. (b) Spatial profiles
at various time steps for the data in (a). The color-coded lines are Gaussian fits to each set of data.

hBN-covered and uncovered sample regions. The corresponding spatial profiles for different probe
delays are shown in Fig. 6.7(b). Again, each profile is fit with a Gaussian function.

From the Gaussian fits, we extract the peak position of the distribution at each time step. Track-
ing this position provides a good way to observe if there is carrier transport across the junction.
The center position as a function of the probe delay is shown in Fig. 6.8 for all three datasets,
uncovered MoSe, (red), hBN-covered MoSe; (blue) and the junction (white).

As expected, the uncovered region shows no noticeable deviation from the initial center posi-
tion. We do see a shift of the profile in the covered region, which as explained earlier, may be due
to non-uniformity in that region from trapped residue during the transfer process. Finally, we see
a very noticeable shift of the peak position when focusing on the junction. The shift is towards
the uncovered side of the junction and would suggest that there is exciton transfer in the observed
direction and thus type-I band alignment. In an attempt to quantify the dynamics across the junc-
tion, we can simply take derivative of the peak position over time. To do this, we first fit the peak
position data measured at the junction. At this point, we are trying to extract a mathematical ex-
pression for the data over this range and are less focused on the underlying physics. Given this, we

fit the data using a simple rational function,
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Figure 6.8: Center position of each spatial profile from the peak fitting of the spatial profiles for
ML MoSe; (red), hBN covered MoSe, (blue), and the junction between them (white)

(a+x)

y= (6.2)

with fitting parameters ¢ and a. With this fit representing the position of the distribution as a
function of time, the derivative can be considered the distribution velocity or drift velocity. We
can then plot this velocity as a function of sample position based on the previous relation between
position and time. This is shown in Fig. 6.9. The inset shows the data and fitting function.

With an expectedly sharp interface between the covered and uncovered regions, and thus a very
localized built-in potential, this trend of the velocity would seem to agree with assumptions. The
peak velocity of about 8 x 10° cm s~ ! is also reasonable compared to previously studies on exciton
transport, which found excitons could be acoustically driven, on the order of the speed of sound
in GaAs based quantum wells %1%, Given the exciton lifetime and diffusion coefficient found in
MoSe», it is important to note that the observed drift length of roughly 100 nm is consistent with

the diffusion length, L = v/ D7.
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Figure 6.9: Derivative of the peak position with respect to probe delay plotted as function of
position. The inset shows the fit of the peak position using eq. 6.2.
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6.3 Summary

In this chapter, lateral, in-plane homojunctions were explored in 2D materials. Specifically, the for-
mation of an electronic interface between bare ML MoSe, and hBN-covered MoSe, was studied.
The electronic structure of MoSe; was expected to be altered due to increased dielectric screening
when covered by fairly thick hBN. These effects were observed by slight blue shifts in both the
photoluminescence spectrum and peak differential reflection measurements. A reduced exciton
lifetime in the covered region is also strong evidence of increased screening effects.

Through spatiotemporally resolved differential reflection measurements, it was shown that the
injected photocarrier distribution diffuses isotropically in the uncovered MoSe,, but near the junc-
tion the distribution shifts away from the hBN-covered region and more into the uncovered region.
By tracking the peak position of the distribution as a function of delay time, we are able to infer
information about the drift transport near the junction. As expected, the distribution moves fastest
near the junction due to a sharp built-in potential, quickly slowing down as it moves away.

These results provide important information about the formation of electronic interfaces in 2D
materials. The ability to modulate the electronic structure of MLs through vdWs stacking is also a
key observation. Although other methods of homojunction formation in layered materials may be
more relevant or easily implemented in applications, it is crucial to understand the in-place effects

resulting from out-of-plane interactions.
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Chapter 7

Summary and Outlook

With the emergence of research on 2D materials and their vast potential for uses in the electronics
and optoelectronics industries, it is imperative to continue studying their properties both individ-
ually and in heterostructures. This dissertation has been focused on ultrafast optical studies of
carrier dynamics in several unique heterostructure configurations. The goal has been to highlight
different mechanisms that dictate charge and energy transfer across low dimensional, electronic
interfaces.

We started by looking at vertical heterostructures between crystalline TMD layers. These ver-
tical structures all involved the stacking of individual MLs by vdWs adhesion. Despite fairly
weak mechanical coupling between layers, the electronic interaction between the two surfaces is
shown to actually promote ultrafast charge or energy transfer. Here, we looked at 3 different sam-
ples. Photoluminescence measurements showed charge separation and the formation of trions in a
MoSe,-WS, heterostructure. These results displayed the type-II, band alignment at the interface,
which is common to most TMD heterostructures.

With type-II structures so prevalent in the 2D realm, we next looked at two heterostructures
predicted to have type-I band alignment. These were WSe,-MoTe; and MoS;-ReS;. Ultrafast
pump-probe experiments showed that both types of charge carriers indeed transferred from the
larger gap materials to the smaller gap materials, confirming the suspected type-I alignment. With
a transfer process in the WSe,-MoTe, sample occurring more than twice as fast as in the MoS;-
ReS, sample, it is believed that the matching of crystal structures could play an important role in
the mechanisms behind charge and energy transfer across 2D sheets.

Next, the results from studies on heterostructures formed between atomically thin crystalline
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and amorphous semiconductors were explored. The amorphous material in this case was amor-
phous black phosphorus. Obtaining these ultrathin aBP samples near the infancy of their discovery,
little was known about their basic properties as it pertains to our measurements. These properties,
such as exciton lifetime and diffusion characteristics, were studied first to better understand the
carrier dynamics in these samples. Temporally and spatially resolved pump-probe experiments
showed exciton diffusion coefficients in the thinner samples were orders of magnitude larger than
those found in more established amorphous materials like silicon. With the promising character-
istics in the thinnest of aBP samples, we attempted to look at possible charge transfer between
aBP and TMD MLs. Using both PL spectroscopy and transient absorption measurements, we
studied the interaction between aBP and ML WS,. Despite the junction being held together by
vdWs adhesion between very dissimilar material structures, we found there to be efficient charge
transfer between the two materials. The evidence for this included exotic excitonic behavior when
separated by a thin insulating barrier and significant differences in the exciton lifetime observed be-
tween isolated WS, and the direct heterostructure. These results showed promise for applications
involving the enhancement of amorphous materials.

The focus was then shifted to in-plane, lateral heterostructures. These samples consisted of
alternating strips of ML MoS, and MoSe,, patterned by lithographic techniques. With type-I band
alignment at the junction, we observed strong evidence of lateral exciton transport from MoS; to
MoSe,. By selectively probing the smaller gap material, MoSe,, we directly measured the build
up of carriers near the junction using spatially resolved transient absorption techniques. From this,
a model was derived to extract a more quantitative analysis of the exciton drift across the junction.

Finally, with a method in place to resolve the movement of a carrier distribution over time, we
studied the possible transport across a lateral homostructure. In this case, partially covering a ML
TMD, namely MoSe,, with thick flakes of insulating hBN, forms a lateral interface in MoSe, be-
tween the two regions. Stacking hBN on top of the ML significantly alters the electronic structure
in MoSe; by increasing the out-of-plane dielectric screening, thus reducing the Coulomb inter-

action of injected electron-hole pairs. Evidence of this effect is found from a decreased exciton
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lifetime in the covered region of the sample as a result of a smaller exciton binding energy. With
an effective junction created at the interface between the two regions, we then use the spatially
and temporally resolved pump-probe technique used previously to observe the drift of the distri-
bution over time. We find that the distribution moves towards the uncovered side, implying both
an increase in the gap energy in the covered region and type-I band alignment at the junction.
Overall this work highlights several different attributes of transfer phenomena at low dimen-
sional semiconducting interfaces. Not only do these projects highlight the vast diversity of this re-
search area, but also explore some previously unexplored structures. With a likely more prevalent
implementation of 2D materials for industry applications in the future, it is important to understand

these mechanism.
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Appendix A

Fabrication and Characterization of vdWs Heterostructures

A.1 Mechanical Exfoliation and vdWs Stacking

Since the experimental isolation of monolayer graphene in 2004, one of the most common meth-
ods for fabricating monolayer samples for small scale experiments is mechanical exfoliation?. In
this process, bulk crystals of a layered material are placed on to an adhesive tape. The tape is then
folded over to cover both sides of the bulk crystal and then pulled apart, separating the crystal
into two thinner pieces. This process is repeated several times, resulting in thinner and thinner
fragments of the material on the tape. Once thinned down enough, the tape is then placed onto a
desired substrate and pulled off. For most of the samples made for the projects in this dissertation,
polydimethylsiloxane (PDMS) and oxide capped silicon substrates were used. Resulting from the
vdWs interaction between the layered material and the substrate, several flakes, varying in thick-
ness, adhere to the substrate rather than remaining attached to the bulk crystal. This process has
proven effective at creating high quality flakes, as thin as monolayer. Factors such as the surface
energy between the layered material and substrate, type of adhesive tape, and environmental con-
ditions can all play roles in size and yield of ML flakes. Due to this variability and with the desire
to fabricate large scale crystals for future industry use, other methods such as chemical vapor de-
position and epitaxial growth of ML samples have been widely explored. However, for small scale
experiments aimed at more fundamental exploration of material properties, exfoliated samples are
used because of their superior quality.

With the ability to exfoliate layered materials down to their ML limit, it is of increasing interest

to stack these MLs to form ultrathin heterostructures. This can be done by utilizing the same
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procedure mentioned above for as many layers are desired. The stacking process is outlined in Fig.
A.1. Monolayer flakes are exfoliated onto PDMS substrates that are adhered to glass slides by the
natural interaction between the them. The PDMS provides a transparent medium so that MLs can
be identified from both the top and bottom, under a microscope. The glass slide is then flipped
upside down under a microscope equipped with long working distance objective lenses so that the
ML sample is facing downward. Using micro-manipulators, the sample is then slowly lowered
onto a SiO, substrate until contact is made. The exfoliated flakes then interact more strongly with
the SiO, substrate than the PDMS completing the transfer process. The use of the microscope
and micro-manipulators allows for very precise control over the placement of transferred samples

to within about 1 um. This makes it attainable to stack separately exfoliated flakes into effective

heterostructures.
Place upside down under
Mechanical exfoliation long working distance
of 2D material PDMS objective
L gemsei] ™, 00]

N ‘ —

@ Slide

Lower the glass

slide until
Samples are then PDMS makes
annealed for 2 hrs at contact with
200°C in Hy/Ar substrate

Repeat process desired
number of times

Figure A.1: Schematic of the process for transferring and stacking 2D materials. The green and
blue shapes in the bottom to panels represent flakes of the materials being transferred.

Once stacked, the samples are often annealed to better couple the interaction between layers
and clean possible residue and contaminants left from adhesive tape or other steps in the fabrication
process. The annealing process involves placing the samples in a controlled environment under the
flow of Ar/H, gases held at a base pressure of about 3 Torr. Using a furnace, the sample is then

heated to around 200 °C. This temperature can vary based on the materials involved as some, like
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black phosphorus, easily degrade if too hot.

A.2  Optical Contrast Methods

Once fabricated, it is important to confirm the suspected thickness of these layered samples. In
most cases, this is done by determining how many discrete layers comprise the sample, which
can later be related to a more physical thickness if needed. Because of this layered nature, one
of the most common practices is the measurement of optical contrast from a sample image. The
main advantage of this method is that it does not require special equipment uncommon to most
laboratory settings. Simply using a CCD equipped microscope to take an optical image of the
sample and free computer software to extract image data is all that is needed.

The optical contrast for a certain region of the sample can be found by

C— Lsubstrate — Isample

) (A.1)

I substrate

where [ represents the measured gray scale intensity. This intensity is found by splitting a color
image into its three channels, blue, green, and red, and choosing the one that provides the best
contrast. Studies have been done to calculate the expected optical contrast for various atomically
thin materials as a function of wavelength and substrate thickness 36197198 Most find that either
red or green color channel provides a reasonable contrast for commonly accessible Si, substrate
thicknesses of around either 90 or 300 nm. One the other advantageous results is that in the few
layer limit, the contrast scales linearly with layer number, with each layer contributing about a
10-15 % contrast.

An example of this process, using the sample from Sect. 3.2.2, is shown in Fig. A.2. Here,
an optical image taken from a CCD attached to a microscope is split into the three color channels.
Using the green channel image, the profile of the gray scale intensity is measured along path of the
yellow line. Using eq. A.1, the contrast is calculated relative to the substrate, inset of Fig. A.2, for

the two materials involves, ReS; and MoS,. It is seen that both layers have a very similar contrast
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of about 12.5 %, which is consistent with other reports using comparable methods 36138
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Figure A.2: Green channel image of the ReS;-MoS, heterostructure. The inset shows the measured
contrast along the yellow line. Adapted from Ref. 135 with permission from The Royal Chemical
Society.

A.3 Other Characterization Methods

Although optical contrast is a fairly quick and easy way to characterize sample thickness of layered
materials, it is important to have other methods to confirm its reliability. A few of the common
tools employed are atomic force microscopy (AFM), Raman spectroscopy, and as mentioned in
2.1, PL spectroscopy.

The first, AFM, involves a more direct measurement of thickness by mapping the topography
of a sample. As the name suggests, AFM measures the force between an atomically sharp tip
and the sample. This tip is typically mounted on a small cantilever, which when very close to the
sample, gets deflected based on the interaction between the two. A common way to measure this
deflection utilizes a photo-detector to track the position of a laser beam reflected off the back of the

cantilever 9. Scanning the tip across the sample area provides a map of this deflection and thus

107



the resulting topography. AFM has been shown to have sub-nm resolution in measuring topogra-
phy, making it suitable for even the thinnest 2D materials. However, with thicknesses comparable
to the resolution, it can still sometimes be difficult to confirm between 1-2 layers. Using func-
tionalized probes can also provide other information beyond topography, like in magnetic force
microscopy (MFM) where magnetic nano-particles are attached to the tip to measure the magnetic
forces between tip and sample.

Spectroscopic techniques can provide other useful insights into material properties, as well
as help determine thickness based on layer dependent trends. As discussed previously, PL spec-
troscopy gives insights into energy relaxation mechanisms in semiconductor materials. The tran-
sition from direct band gap semiconductors in ML to indirect gap semiconductors in 2+ layers,
results in significantly larger PL signals in ML samples. This phenomenon, as well as trends in
optical band gap with thickness makes PL a useful tool for characterization.

Raman spectroscopy, on the other hand, is useful in determining vibration modes, crystal struc-
ture, and again due to layer dependent trends sample thickness for layered materials. This tech-
nique indirectly measures vibration transitions based on photon scattering mechanisms. Typically,
a laser is shown incident on a sample with much of the light being reflected back with the same
energy, i.e. Rayleigh scattering. Due to excited vibrational states of the crystal lattice, some of
the incident photons either lose or gain energy through either Stokes or anti-Stokes Raman scatter-
ing, respectively. A Raman spectrum, then, consists of peaks related to the Raman shift of these
scattered photons relative to the energy of the incident photons '9%:200

For 2D materials, in particular, Raman spectroscopy illuminates impacts of interlayer interac-
tions as out-of-plane vibrational modes are intuitively sensitive to their surroundings '3%!73. This
becomes useful for determining the number of layers of a 2D sample using well established trends
from literature. A few examples as they pertain to the projects in this dissertation are highlighted
in Fig. A.3. Both of these are expansions on the characterization of the MoS; and ReS; layers in

Sect. 3.2.2.

First, the Raman spectra measured from ML (blue) and bulk (red) MoS; are shown in Fig.
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A.3(a). Here, a 532 nm laser is used to excite the sample. There are two noticeable peaks that
are each fit the with Lorentzian functions. The resulting positions for monolayer were found to be
385.05 # 0.05 and 404.10 £ 0.04 cm-—!, representing the Es, and Aj, vibrational modes, respec-
tively. Previous studies have shown that the separation between these two peaks is a strong indica-
tion of layer number with relative Raman shift between them increasing with increased number of
layers. From our measurements on bulk, we see a clear broadening of this separation, consistent
with previous studies '3.

Raman measurements for the ReS, sample are presented in Fig. A.3(b). As discussed in

Chenet et al?®!, four characteristic peaks in ReS, between 120-170 cm™!

can be used to identify
sample thickness. These peaks are labeled I - IV in Fig. A.3(b). Taking the difference between the
positions of peaks I and III leads to a significant difference between monolayer and thicker ReS,.
They observed a difference of 16.8 cm~! between these peaks in monolayer that drops to 14.9
cm~! in bilayer and drops further in thicker samples?°!. Our result of 16.7 cm~! closely matches

their results for monolayer ReS,. Other reports on ReS, Raman spectra also show the presence

of low frequency, shear and breathing, modes that occur in bilayer ReS,, but are not present in

monolayer20%203,
'A T b T T
(a) | A, . ML MoS, | (b) | ML ReS, - J
L 404.10 cm £ Fit Peak I
N . Bulk MosS, ] Fit Peak II
L - Fit Peak III .
- | 385.05cm i Fit Peak TV
z £y Cumulative Fit
2r 1 = 1-1367cm’
5 Z | I-1433cm’
L . £ [ m-153.4 cm® i
383.12 cm™ 408.40 cm IV -1632 cm’
] - II-I=16.7 cm”
1 " 1 N L 1 N 1 1 1

350 400 450 500 100 120 140 160 180

Raman Shift (cm™) Raman Shift (cm™)

Figure A.3: Raman spectroscopy measurements from the (a) MoS; and (b) ReS; regions of the
sample. (a) Shows both the spectrum for ML MoS, (blue) and bulk MoS, (red). The fitted curves
in each are Lorentz fits. Adapted from Ref. 135 with permission from The Royal Chemical Society.
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