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ABSTRACT

UNIVERSAL PHOTOLUMINESCENCE
ENHANCEMENT /SUPPRESSION AT THE VERTICAL
VAN DER WAALS METAL-SEMICONDUCTOR
INTERFACES

Hafiz Muhammad Shakir
M.S. in Physics
Advisor: Talip Serkan Kasirga
January 2024

Monolayers of transition metal dichalcogenides are considered the prospects for
optoelectronic devices and photoluminescence (PL) is one of the key parameters
to observe the performance and efficiency of such devices. The PL characteris-
tics of monolayers of semiconducting transition metal dichalcogenides (TMDCs)
have been consistently reported to be suppressed in the presence of metal, a phe-
nomenon observed through direct metal evaporation or annealing of heterostruc-
tures in prior studies. These methods often resulted in a significant negative
charge transfer which creates metal-induced gap states (MIGS) and Fermi level
pinning (FLP). These MIGS and FLP provide nonradiative pathways to the ex-
cited electrons causing a huge suppression in PL intensity.

To address this challenge, we explore heterostructures with a van der Waals
gap between the metal and semiconductor surfaces. This design reduces the non-
radiative relaxation pathways, allowing for more controlled charge transfer due
to the van der Waals gap and the modulation of Schottky barrier height (SBH).
The SBH for electrons increases with increasing metal work function and hence

provides direct control of charge injection type and magnitude to monolayers of

TMDCs.

Our research presents a universal methodology for controlling the PL inten-
sity of TMDCs by strategically utilizing the van der Waals gap and tailoring the
work function of the interfacing metal. This investigation not only unveils a novel
approach to prevent PL quenching but also opens avenues for optimizing opto-
electronic devices. By carefully selecting metallic and semiconducting materials,
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this work offers a pathway to enhance device performance and precisely regulate
output characteristics in optoelectronic applications.

Keywords: Photoluminescence, transition metal dichalcogenides, van der Waals
gap, Schottky barrier height, and optoelectronics.



OZET

DIKEY VAN DER WAALS METAL-YAR ILETKEN
ARAYUZLERINDE EVRENSEL FOTOLUMINESANS
GELISTIRME/BASTRMA

Hafiz Muhammad Shakir
fizik Mithendisligi, Yiksek Lisans
Tez Danigmani: Talip Serkan Kasirga
Ocak 2024

Gegig metali dikalkojenitlerin tek katmanlari, optoelektronik cihazlar i¢in potan-
siyel olarak kabul edilir ve fotoliiminesans (PL), bu tiir cihazlarin performansim
ve verimliligini gozlemlemek igin temel parametrelerden biridir. Yar1 iletken
gecis metali dikalkojenitlerin (TMDC’ler) tek katmanlarinin PL 6zelliklerinin,
onceki caligmalarda dogrudan metal buharlagsmasi veya heteroyapilarin tavlan-
mas1 yoluyla gozlemlenen bir fenomen olan metal varhiginda stirekli olarak
bastirildigi rapor edilmigtir. Bu yontemler genellikle metal kaynakli bogluk du-
rumlar1 (MIGS) ve Fermi diizeyinde sabitleme (FLP) olugturan énemli bir negatif
yik aktarimiyla sonuclandi. Bu MIGS ve FLP, uyarilmig elektronlara iginimsiz
yollar saglayarak PL yogunlugunda biiyiik bir baskilamaya neden olur.

Bu zorlugun tistesinden gelmek icin metal ve yar1 iletken ytizeyler arasinda van
der Waals boglugu bulunan heteroyapilari aragtiriyoruz. Bu tasarim, iginimsal ol-
mayan gevseme yollarin1 azaltarak van der Waals boslugu ve Schottky bariyer
yiiksekliginin (SBH) modiilasyonu nedeniyle daha kontrolli yiik aktarimina
olanak tanir. Elektronlar i¢cin SBH, artan metal ig fonksiyonuyla birlikte artar ve
dolayisiyla TMDC’lerin tek katmanlarina yiik enjeksiyon tipinin ve biiyiikligiiniin

dogrudan kontroliinii saglar.

Aragtirmamiz, van der Waals boslugunu stratejik olarak kullanarak ve arayiiz
olugturan metalin ig fonksiyonunu uyarlayarak TMDC’lerin PL yogunlugunu kon-
trol etmek i¢in evrensel bir metodoloji sunmaktadir. Bu aragtirma sadece PL
sontiimlemesini 6nlemek i¢in yeni bir yaklagimi ortaya ¢ikarmakla kalmiyor, aym
zamanda optoelektronik cihazlarin optimize edilmesi i¢in yollar da agiyor. Meta-
lik ve yar1 iletken malzemeleri dikkatle secerek bu caligma, optoelektronik uygu-
lamalarda cihaz performansini artirmaya ve ¢ikig ozelliklerini hassas bir gekilde
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diizenlemeye yonelik bir yol sunuyor.

Anahtar sézctukler: Anahtar Sozlerim.
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Chapter 1

Introduction

1.1 Introduction to two-dimensional materials

Since the discovery of graphene [2], two-dimensional (2D) materials have become
the new confined quantum platforms to be explored for novel studies and ap-
plications. Numerous 2D materials can be found in all states of matter. For
instance, graphene, molybdenum disulfide (MoS,), and hexagonal boron nitride
(hBN) are metal, semiconductor, and insulator respectively [2, 3, 4, 5]. These
materials can either be grown using conventional methods like chemical vapor
deposition (CVD) or can be exfoliated using standard mechanical exfoliation of
a big crystal grown by chemical vapor transport (CVT) [5, 6, 7, 8, 9, 10, 11, 12].
All of the 2D materials are indeed confined quantum mechanical systems and
need to be well studied to make their use in the real world at a large scale. There
are several kinds of 2D materials, for example, some of them such as transition
metal dichalcogenides (TMDCs), graphene, and hBN are layered. The layers of
these materials interact with van der Waals forces [2, 13, 14]. Materials like InsSs
and MoOs can also be thinned down to a few layers (2D limit) but they are not
layered because of a lack of van der Waals interaction between their layers, and

hence these materials are not exfoliable [14, 15].



2D TMDCs are a wide range of materials that have exceptional optical, ther-
mal, electrical, and mechanical properties. The general formula used to represent
TMDCs is MX, where M indicates the transition metals such as titanium (Ti),
vanadium (V), molybdenum (Mo), tungsten (W), tantalum (Ta), niobium (Nb),
and platinum (Pt), etc and X represents chalcogenides such as sulfur (S), selenium
(Se), and tellurium (Te) [5, 6, 16, 17, 18, 19, 20]. There are numerous 2D TMDC
materials that can be found in various phases of the same material. For example,
based on crystal structure, MoS, can be found in 2H, 3R, and 1T phases where
2H has a hexagonal structure, 3R has also a hexagonal structure with rhombohe-
dral symmetry, and 1T has tetragonal symmetry [21, 22]. Different phases of the
same material exhibit different properties. For example, the 2H and 3R phases
of MoS, are semiconductors and the 1T phase shows a metallic nature although
the metallic phase of MoS, is not very stable chemically in ambient conditions.
Research is going on to make the 1T phase of MoS; more stable since it has its
unique benefits and applications. Although many metallic phases of TMDC ma-
terials are not stable, still they have their applications. Some phases of TMDCs
such as 2H phases of MoSy, MoSes, WSy, WSes,, TaS,, and MoTe, are chemically
stable and have been extensively studied [23, 24, 25, 26].

1.2 Photoluminescence of TMDCs

An interesting phenomenon observed in MoSy, MoSes, WSy, and WSe, is the
transition in the energy band gap from indirect to direct when thinned down
to monolayers [27, 28, 29, 30, 31]. Hence, all these TMDCs are expected to
show good photoluminescence (PL) spectroscopy signals. PL spectroscopy is an
experimental technique used to see the optical response of materials. When a laser
light of wavelength less than the emission wavelength of the material is shined
onto a material, electrons are excited and go to the conduction band and a quasi-
particle (known as neutral exciton) is formed with a hole in the valence band, and
an electron in the conduction band as shown in figure 1.1. Upon recombination of
hole and electron, a photon is emitted and captured by the detector which shows

the response as a PL peak. This whole process is known as PL spectroscopy and
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Figure 1.1: Schematic for PL emission from TMDCs. VBM and CBM denote

valence band maximum and conduction band minimum egdes.

is very fruitful to see the optical transitions of materials experimentally in very
little time. Apart from neutral excitons, some charged excitons (also known as
trions) are also observed in experimental data and they can have both positive
(formed by the Coulomb interaction of two holes and one electron) and negative
charge (formed by the Coulomb interaction of two electrons and one hole) as
shown in figure 1.1 depending on the formation (synthesis) and nature of the
semiconductor. For instance, if a semiconducting TMDC is p-type in nature,
there is a maximum probability that it will have some positive trions because
of the presence of extra holes in that TMDC, and the same goes for an n-type
semiconductor except the charge of trion which is negative in this case. The
neutral excitonic recombination in the above mentioned TMDCs is symbolized as
AY and trionic recombination is denominated by A*/-. A trion has lower emission
energy than an exciton because of a relatively weaker Coulomb interaction which

is stronger in the case of neutral exciton [3, 32, 33, 34, 35, 36].

MoS; shows a tunable PL signal and is considered n-type in nature as reported



in many previous reports. Another interesting fact about MoS, is that it is
the most defective among the above-mentioned 4 TMDCs providing a naturally
tunable platform for optical as well as transport properties. It has some intrinsic
sulfur vacancies and free electrons which reduce its PL peak intensity and make
the peak broader with negative trion emission. Negative trions are even more
intense in most of the reported crystals and we also observed the same in this
study. Mechanically exfoliated monolayers of MoSs are considered less defective
since they are cleaved layer by layer from a big crystal which has less probability
of unwanted sulfur vacancies or other structural defects. However, they cannot
be considered defect-free. Several ways to improve the quality of MoS, optical
properties such as acid treatment, heterostructure formation with p-type dopant,
or defect engineering have been reported. Here, we utilized the van der Waals
gap and doping capability of metals to control the PL intensity, the trionic and
excitonic recombinations, and the full-width at half maximum (FWHM) of MoS,
(37, 38, 39, 40].

WS, shows a very robust emission of PL peak around 2.05 eV and has fewer
defects compared to MoS,. It is also reported as n-type in nature and has some
free electrons which cause the formation of negative trions. Its PL intensity can
also be enhanced or suppressed if placed with a suitable metal. As explained in
figure 1.4 and later parts of the introduction, it is easier for high work function
metals to inject holes into semiconducting TMDCs when there is a van der Waals
gap. We also investigated the effect of the van der Waals gap, by performing the
PL measurements before and after annealing the heterojunctions and successfully
quenched the PL after annealing which clearly shows that the charge injection

from metal to semiconductor depends on the van der Waals gap [30, 31].

For the case of MoSey;, and WSe, we also investigated the effect of metal
proximity on the PL emission of these two semiconducting TMDCs and obtained
the results according to our expectations. We increased the number of positive
trions in these materials by fabricating their heterostructures with high work

function metals and reducing their overall PL emission [29, 30, 41, 42].

The reason behind this universal control of PL characteristics of TMDCs is
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Figure 1.2: Transfer curves of 1L-MoS, based FETs and the top penal shows
all the metals directly deposited on top of MoS, while lower panels show the
transfer curves with transferred metallic electrodes (a) MoS, directly deposited
with Ag contacts (b) MoS, directly deposited with Cu contacts(c) MoS, directly
deposited with Au contacts(d) MoS, directly deposited with Pt contacts (e) Ag
contacts transferred on top of MoS;, (f) Cu contacts transferred on top of MoS,
(e) Au contacts transferred on top of MoS;y (e) Pt contacts transferred on top of
MoS,. Note: This figure is taken from [1] with permission

already explained in terms of device performance. For instance, as depicted in
figure 1.2 when metals are directly evaporated on MoS; monolayer, it always ex-
hibits an n-type behavior since the direct deposition of metal atoms can penetrate
the surface of TMDC creating MIGS and FLP and providing the pathways for
electrons to be easily transferred from metal to MoS,; when a Vg4 is applied across
the channel while applying vertical field simultaneously. However, when a high
work function metal electrodes are fabricated and transferred on top of MoS,
crystal, its contact polarity and nature of majority charge carriers are changed
from n-type to p-type following the Schottky-Mott law which states that Schottky
barrier height (SBH) for electrons increases with increasing metal work function
and vice versa for holes as shown in figure 1.3. From here, we can infer that the
transfer curve obtained in FETs does not only depend on the nature of the semi-
conductor (n-type, p-type, or ambipolar) but also depends on the type of contact
between the semiconductor and metal electrode. Instead of direct deposition, if
a metal electrode is transferred on top of a TMDC material, there remains some

nanoscale gap around 0.3-0.5 nm known as the van der Waals gap [41, 43, 44].
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Figure 1.3: Metal work function vs Schottky barrier height (left for electron and
right for holes). Note: This figure is taken from [1] with permission

SBH and van der Waals gap prohibit electrons from flowing to TMDCs from met-
als. Hence, whenever there is a van der Waals gap between TMDC and metal,
the type of majority charge carriers depends on the work function of the metal
(1, 19, 27, 37, 41, 45, 46, 47]. Most of the previous works focused mainly on
device fabrication processes and enhancement of device performance. However,
in this work, we carefully investigated the optical properties of various interfaces

of TMDCs with several 2D /3D metals exploiting the van der Waals gap between

the interfaces.

Hole barrier (eV)



Chapter 2

Methods

2.1 Mechanical Exfoliation and Dry Transfer

In this technique, the process begins with a minute piece of a single source crystal
delicately positioned onto a Scotch tape, named the master tape. The crystal is
spread evenly across the surface of the tape. Subsequently, an additional piece
of scotch tape is gently brought into contact with the master tape, repeating
this process approximately 4-5 times. The primary objective is to reduce the
thickness of the small crystal pieces over successive iterations as shown in figure
2.1 a. After the preparation of the tapes, a small piece of PDMS is placed on a
glass slab and scotch tape is brought in contact with the PDMS stamp to transfer
some crystals on PDMS as shown in figures 2.1 b and c respectively. This process

is known as mechanical exfoliation.

Following the exfoliation of any TMDC material, PDMS is carefully observed
under the optical microscope (OM) which is the quickest way to have an idea
about the thickness of crystals as shown in figure 2.1 d. A suitable crystal is
selected using OM. With the help of a glass slab holder shown in figure 2.1 d and
a micromanipulator, the PDMS stamp is carefully brought in contact with the

desired position of the substrate placed on the hot stage shown in figure 2.1 e.



A small piece of carbon tape is also placed beneath the substrate so that it may
not move when PDMS is in contact with the substrate. This process is known as

a dry transfer.

After the crystal is transferred to the substrate, the glass holder is replaced
with a tungsten needle holder, and In source is also placed on the hot stage as
shown in figure 2.1 f. A tiny needle is drawn from the molten In source which is at
a higher temperature than the melting point of In metal (430 K) and is carefully
placed on top of the desired position of the crystal as shown in figure 2.1 i. This

T
wil

N ey

‘GEQ slab

is a very short and efficient way to fabricate 2-terminal devices. [1, 2, 11, 48, 49].
holder ™
=

:
a
&
"
o I — Tungstenneed\e \\\ A
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Figure 2.1: (a), (b), (c¢), (d), (e), and (f) are showing the images of scotch tape,
PDMS placed on glass slab, scotch tape in contact with PDMS stamp, PDMS
under optical observation, PDMS in contact with desired substrate, and In needle
contacts placement on crystals taken by mobile phone camera. (g) OM image of
a suitable crystal found on PDMS by OM observation. (h) OM image of the
same crystal transferred on SiOs/Si substrate and (i) shows the OM image of
2-electrode device formed on the same crystal.

2.2 Substrate preparation

We used various substrates in this work which are explained in this section. We
used 300 nm SiO, coated Si chips. Since the SiO, layer is insulating in nature and
can be utilized as a conventional gating material to apply an external electric field

which is used to modulate various properties of 2D materials. To avoid leakage
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of charges (pinhole effect), we deposited a 30 nm layer of alumina (AlyO3) using
atomic layer deposition (ALD). We also used sapphire substrates which are also
insulating in nature providing a platform to perform electrical measurements of
the materials. To see the metal-semiconductor interaction, we also prepared some
conducting substrates, by using a thermal evaporator. We deposited 10/100 nm of
Cr/Au, and 30 nm of Ag on insulating substrates such as SiO5 /Si or sapphire chips
to have a metallic background under semiconductors. We also used a precision
etching coating system to coat a 30 nm thick layer of Pt on SiO,/Si substrate.
All the chips were carefully cleaned using Acetone, Isopropanol, and DI water

and then dried using a nitrogen gun. [50, 51, 52].

2.3 Photoluminescence and Raman spectroscopy

PL spectroscopy is a universal, powerful, non-contact, non-destructive, efficient,
user-friendly, and time-saving characterization technique to explore the optical
properties of semiconductors. It provides detailed information about the light
emission properties and band gap of the semiconducting materials. In this tech-
nique, a focused laser light with higher energy than the semiconductor’s band
gap is directed onto the sample, exciting electrons from the valence band to the
semiconductor’s conduction band. As these charges relax, they emit a light sig-
nal, which is then detected by a sensor, revealing a PL peak. This peak offers
insights into the recombination of charge carriers, elucidating the mechanism and

nature of light emission.

For example, MoSsy emits light at a wavelength of around 660 nm through
a direct transition, a distinctive feature indicative of its monolayer structure.
PL spectroscopy also proves useful for thickness analysis of many 2D materials,
since a bilayer does not exhibit the same emission wavelength as a single layer.
(32, 33, 34].

The experimental setup shown in figure 2.2 can be used for PLL and Raman

spectroscopy. Raman spectroscopy is a powerful characterization technique used
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Figure 2.2: Schematic for PL. and Raman Spectroscopy set up

to analyze the chemical composition of materials by determining the vibrational
modes of molecules. A source of monochromatic light typically a 532 nm laser
source is used for light production. A fully focused laser beam by objective lens
interacts with the sample’s molecular vibrations, phonons, or other excitations.
Light gets scattered when it interacts with the sample. The scattered light has
a higher wavelength than the incident laser because of the interaction with the
sample. The elastically scattered light is filtered out and the remaining light is
sent to the Raman spectrometer which collects the signal and provides the finger-
prints of molecules showing various peaks of distinct frequencies corresponding to
specific materials. For instance, MoS, has several Raman active modes, but the

most dominant are A, and E'y, which are detected at the frequencies of 385 cm™
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and 405 cm™! respectively for a monolayer. Raman spectroscopy can also be used
for thickness measurements of 2D materials because its signal is also sensitive to
thickness. It is a very easy, time-saving, efficient, and robust material identifica-
tion technique that does not require even a very complex setup and analysis of

the data [53, 54].

11



Chapter 3

Vertical heterostructures of

molybdenum-based chalcogenides
with 2D /3D metals

3.1 Introduction

MoS,; and MoSe; are 2D TMDCs owing a transition of band gap from indirect
to direct when thinned down to a monolayer [28, 29]. There are several ways
to see this transition i.e. PL spectroscopy and Raman Spectroscopy [55]. If
PL emission is near 660 nm and 820 nm for MoS, and MoSe, respectively, it is
direct evidence of band gap transition. PL peak position, shape, and intensity
are the parameters to guess the thickness of crystals. For instance, the peak
position of MoS, is between 655 and 660 nm for a monolayer and if the peak
is centered around 670 nm, this is clear evidence that the crystal is a bilayer.
Raman spectroscopy is also good in terms of thickness analysis of TMDC crystals.
For example, if the difference between peak positions of A;, and E's, Raman
modes of MoS, is less than 20 cm™, this is a signature that the crystal is a
monolayer. Moreover, this difference between frequencies of in-plane and out-of-

plane modes increases with increasing thickness [56, 57]. We did both the Raman
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and PL characterizations to show the presence of monolayers of these TMDCs and
then fabricated heterostructures with strategically chosen metals such as TaS,,
NbTe,, graphene, and Au to control (enhance or suppress) the intensity of PL.
We investigated the substrate effect as well as different configurations of these
hetero-structures. In addition to room temperature PL measurements at these
interfaces, we also did temperature, perpendicular electric field, and excitation

power-dependent PL measurements to explain the mechanism.

3.2 Photoluminescence enhancement

In this section, we will explain PL enhancement at various vertical van der Waals
heterostructures including TaSs/MoS,; and MoS;/NbTey on various insulating
and conducting substrates to show the substrate effect, and these interfaces were
fabricated at arbitrary angles to eliminate any geometrical dependence on PL
enhancement. Moreover, we performed back gate-dependent and temperature-
dependent PL measurements to show the control on the enhanced PL inten-
sity, and to explain the underlying recombination mechanism, we reported pump

power-dependent measurements of PL at interfaces and bare MoS,.

3.2.1 MoS,; and TaSs heterostructures

3.2.1.1 MoS; and TaS,; heterostructures on insulating substrates

Heterostructures consisting of MoS, and TaS,; were carefully fabricated on 30nm
alumina (AlyO3) coated SiO4/Si substrates, using mechanical exfoliation and dry
transfer techniques demonstrated in detail in methods. The reason behind the
passivization layer of 30 nm Al,Og3 is to avoid the pinhole effect. To compare
PL characteristics of bare MoS,, and hetero-structure, we partially placed MoS,

monolayer on top of TaSy or TaSs; on top of MoSs monolayer.
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In Figure 3.1, two configurations of MoS; and TaS, hetero-structures are pre-
sented for comparative analysis. In figure 3.1 an optical microscope (OM) image
of heterostructure showing 1L.-MoS, placed above a few layers thick TaS, crystal.
Figure 3.1 b corresponds to figure 3.1 a showing the PL spectroscopy map of
the heterostructure, demonstrating consistent PL. enhancement throughout the
junction area, and figure 3.1 ¢ provides a PL point spectrum data from both bare
MoS; and hetero-structure part. Upon deconvolution of the data using Lorentzian
fitting through Origin Software and equation 3.1, the obtained data reveals that
the contribution to PL emission intensity from A~ (trions) is reduced significantly
at the interface compared to bare MoS, in contrast to A° (excitons) which are
strongly enhanced at the interface as compared to bare MoS,. Trions are in-

deed, inherent in MoS, due to defects such as sulfur vacancies and free electrons
(35, 36, 58, 59].

(3.1)

Where z, and y are variables and yg, A, w, and z. denote initial position
along y, the area under the curve, and full width at half maximum (FWHM).
We preferred the Lorentzian fitting over the Gaussian because it provides more
pronounced tails, and there is a lower probability of misleading from the fitting

as compared to the Gaussian fitting [60].

MoS; (top) | MoS,/TaS, | MoSs (bottom) | TaS;/MoS,
A 1.8504 1.87021 1.85669 1.86762
Peak Position
(eV) B 2.00868 2.03749 2.01837 2.0334
A 0.4651 0.2482 0.419 0.387
Area/Aqo
B 0.087 0.00295 0.048 0.015
A 83 71 82 68
FWHM
(meV) B 87 I8 69 36

Table 3.1: This table corresponds to figure 3.1 showing the quantitative analysis
of all quasi particles (A", A, B) in bare MoS,, and hetero-structures.
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Figure 3.1: (a) OM image of hetero-structure with MoSs on top of TaS; on 30nm
alumina coated SiO/Si substrate (b) PL map corresponding to hetero-structure
in a (c¢) PL point spectrum of MoS, and hetero-structure (d) OM image of hetero-
structure with TaS, on top of MoS, on 30nm alumina coated SiO,/Si substrate
(e) PL map corresponding to hetero-structure shown in d (f) PL point spectrum
of MoS, and hetero-structure

The suppression of trion intensity is attributed to p-type doping from TaSs,
irrespective of whether MoSs is positioned above or below. Despite TaS, be-
ing a metallic 2D material, its high work function (=5.6eV") [61] induces hole
generation, due to a van der Waals gap between MoS; and TaS, surfaces
[1, 19, 27, 43, 46, 55, 62|. This not only reduces trion numbers but also am-
plifies overall excitons A°, as quantitative data of both configurations is shown in
Table 3.1. The B exciton, which also arises from the direct transition of electrons
but has a little bit higher energy than A° [35, 63, 64] and has less probability to
occur because most of the transition takes place as A° and it further diminishes

at the MoS,-TaS, interface in insulating substrates.

Moreover, peak positions at the interfaces shift towards higher energies due to
an increased population of excitons, while FWHM values for all peaks decrease,
indicating improved PL emission and reduced contributions from defects [46, 38,
39]. In Figures (d), (e), and (f), optical microscopy images of TaSs on top of MoSa,
its corresponding PL map, and PL point spectra are demonstrated respectively,

exhibiting similar behavior as expressed by the first configuration.

15



We also fabricated a heterostructure of TaSs on top of MoS, on sapphire which
is another insulating substrate used commonly in the community and results are
presented in figure 3.2 and table 3.2. There is no qualitative difference in our
observations of PL enhancement on SiO,/Si and sapphire. It can be inferred from
this section, that there is not any influence of the geometry of heterostructure
since all three different samples formed at random angles show similar results.
This is also clear from this section that insulating substrates yield similar results.
[1, 19, 40, 42, 43, 46, 55, 65, 66, 67, 68].

b c TaS,/MoS, .

(s30) Axisuaiu| 1d
Intensity (cts)

S5um Sapphire

17 1.8 19 20
Energy (eV)

Figure 3.2: (a) OM image of hetero-structure with TaS; on top of MoS,; on
sapphire (b) PL Map (c) PL point spectrum of MoS, and hetero-structure

MOSQ MOSQ/T&SQ
A~ | 1.84825 1.85544
Peak Position | A" | 1.8843 1.88699
(V) B [ 2.00868 | 2.02358
A 0.66 0.326
Area/Aqo AY 0.26 0.666
B 0.08 0.008
A- 102 82
FWHM AV 52 46
(meV) B 9 31

Table 3.2: This table corresponds to figure 3.2 and displays the quantitative
analysis of all quasi-particles (A~, A°, and B)
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3.2.1.2 Excitation power dependent PL measurements

Excitation power-dependent PL measurements were conducted on the het-
erostructure illustrated in Figure 3.1 a. Upon deconvoluting the acquired data
using equation 3.1 and plotting laser power versus peak intensity on a log-log
scale, the fitting parameters, denoted as aos, and apetero provide insights into the

recombination mechanisms occurring in both bare MoSs and the hetero-structure.

In the case of bare MoS,, where 0 < anos, < 1, the fitting parameter suggests
non radiative recombinations. Conversely, 1 < apetero < 2 in the heterostruc-
ture indicates that excitonic recombinations predominantly occur at the interface
of MoS, and TaS, [69, 70, 71, 72, 73, 74]. Another interesting observation in
these measurements is the PL enhancement in both bare MoS, and the het-
erostructure with increasing power. This enhancement in PL with laser power
can be attributed to the increased number of incident photons interacting with
the semiconductors [75, 74]. The elevated excitation leads to an increased pop-
ulation of excited charge carriers, resulting in more recombination events upon
relaxation. Consequently, enhancing the PL intensity and revealing the distinct
recombination mechanisms in both the interface and bare MoS,. The fitting was

done using equation 3.2 (power law) through Origin Software.

y = az” (3.2)

Where, a, z, y, and o denote proportionality constant, laser power, PL in-
tensity, and fitting parameter respectively. This analysis not only explains the
underlying mechanisms of recombination in the heterostructure and bare MoS,
but also demonstrates the impact of excitation power on the optical properties
of both bare MoS, and the MoS,/TaS, interface.
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Figure 3.3: (a) Pump power dependent PL measurement of hetero-structure (b)
Integrated PL intensity vs laser power on a log-log scale

3.2.1.3 Gate-dependent PL measurements

One way to control the PL intensity and charge carrier concentration is by apply-
ing the back gate voltage [1, 3, 16, 35, 76, 77]. Figure 3.3 a shows the schematic of
a device fabricated to perform PL measurements under an external electric field
applied perpendicular to the plane of the heterostructure. The heterostructure
was fabricated on a positively doped Si substrate coated with a 300 nm SiO,
layer. SiO layer was scratched carefully to apply the gate voltage and an Indium
needle was placed on top of MoS, for grounding. The method to place indium

contact is very well explained in our previous reports [48, 49].

When the negative gate voltage is applied, electrons are depleted from MoS,
and hence there is low electron density in MoS, leading to suppression in the
number of trions and free electrons which ultimately enhances the excitonic pop-
ulation resulting in a blue shift to the peak position and enhancement in the
intensity of PL emission from both MoSs; and heterostructure as depicted in fig-
ure 3.3 b (contour plot) as well as figure 3.3 f [3, 35]. When a positive gate
voltage is applied, electrons are injected into MoS,, and with increasing positive
gate voltage, the concentration of electrons increases resulting in an increase in

the number of trions and reducing the number of excitons which leads to a red
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Figure 3.4: (a) Schematic for back gated device(b) PL contour map showing the
change in peak position of PL intensity by changing gate voltage and scale bar
on the right side of contour map shows PL intensity (c) Peak position of A? and
A" in MoS, with the change in gate voltage (d) Peak position of A? and A~ in
heterostructure with the change in gate voltage (e) PL point spectrum at 100 V
from both bare MoS, and hetero-structure indicating the persistent A° exciton
in heterostructure which is absent in bare MoS, (f) PL at various gate voltages
from heterostructure

shift in the peak position of MoS; and PL suppression due to fewer excitonic
recombination. This has been already reported in many reports for the case of
MoS, and even other semiconducting TMDCs such as WS,, and WSe,. Trions
are the particles that are robust in MoS,; and do not vanish even the higher neg-
ative gate voltages are applied because they are formed due to defects such as

sulfur vacancies, free electrons, and some structural defects.

This gets very interesting if we park the laser on the heterostructure part and
apply positive gate voltage. TaS,; acts as a source for hole injection to MoSy
in contrast to back gate voltage which acts as a source for electron injection to
MoS,. As electrons are being injected into MoS,, their impact is being nullified
to some extent by holes provided by TaS, and hence we obtain some excitons
even when we are applying 100 V of back gate voltage though the intensity of PL
peak is suppressed as compared to negative gate voltage as indicated in figure 3.4

d, and e. These persistent excitons have not been observed and realized before.
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The proximity of TaS; and hole injection from TaSs is the reason behind this
persistent excitonic recombination. This new exciting observation provides the
pavement for novel optoelectronic devices which has not been observed before
11, 3, 16, 35, 76, 77].

3.2.1.4 Temperature dependent PL measurements on insulating sub-

strates

Temperature is one of the most influential parameters whenever we talk about
any condensed matter physics phenomenon. If we decrease the temperature and
perform PL measurements, many new peaks appear for the MoS, case and they
are attributed to defect peaks, or biexcitons (a quasi-particle composed of 2 holes
and 2 electrons) [40, 59, 78, 79]. We performed temperature-dependent PL mea-
surements on the same heterostructure shown in figure 3.1 a. It was observed that
from 3.5 K to room temperature (293K), the PL intensity of MoS, was decreasing
with temperature as it is clear from figure 3.5 ¢ that the integrated PL intensity

is decreasing throughout all temperatures.

However, the trend was different for heterostructures as it is obvious in figure
3.5 ¢. After merging with bare MoSy PL intensity, it started increasing after
250 K and kept on increasing with temperature until room temperature. This
changing trend in PL intensity was also observed from another heterostructure
of the same configuration. These observations from two distinct samples provide

the reproducibility and reliability of our results.

The enhancement in PL of heterostructures can be attributed to the reduction
in spectral weight of biexcitons (Axx) beyond 250 K. This phenomenon suggests
that the thermal energy, facilitated by an increase in temperature, might play
an important role in breaking down A, into trions and excitons. Notably, the
observed trend indicates a threshold temperature of 250 K, beyond which there is
a noticeable decline in the overall areal percentage of A,,, as illustrated in Figure
3.5 a, ¢, and d. This shift in spectral weight and areal percentage highlights the

influence of temperature as a key factor in modulating the optical properties of
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Figure 3.5: (a) PL point spectrum of heterostructure at various temperatures
from 3.5 K to room temperature showing PL quenching as the temperature in-
creases until 250 K, and after 250 K, PL starts increasing (b) Peak positions of
all quasi-particles present in heterostructure, D is observed at low temperatures
but A is to room temperature in heterostructure (c) Integrated PL intensity of
heterostructure and bare MoS, showing an anomalous behavior in the interface
after 250 K (d) Areal ratio is a ratio between the area of the quasi-particles and
total area of PL peaks and A is reducing after 250 K with increasing weights
of trions and excitons (e) Peak positions of all quasi-particles in bare MoS, (f)
Areal ration of trion and exciton showing MoS, has always higher no of trionic
recombinations than in hetero-structure (g) Areal ratio of all quasi-particles in
bare MoS,

the heterostructure, particularly in the context of A, dynamics [40, 59, 78, 79].

3.2.1.5 MoS,; and TaS; heterostructures on gold substrate

Gold (Au) is a high work function metal (5.1 eV) and if 11.-MoS; is transferred
on top of Au, it can dope MoS, with holes and can cause the enhancement in PL
intensity of MoSs when compared with PL intensity of MoSy placed on PDMS.
As already explained in section 3.2.1, the van der Waals gap causes holes to
tunnel through MoS,-1L, and the exciton’s intensity is increased in contrast to
the reduction in trions emission intensity. After obtaining the PL from MoS,, we

transferred a few layered TaS, partially on top of MoSs, and due to more charge
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transfer, we realized further uniform enhancement in PL intensity of MoS, part
sandwiched between Au and TaS, as compared to the part placed only on Au as
shown in figure 3.6 b and f [78, 80].
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Figure 3.6: (a) OM image of hetero-structure with TaS, on top of MoS; on
100 nm gold coated SiO/Si substrate(b) PL Map (c¢) PL map focused on peak
position of trion A~ (d) PL map focused on peak position of exciton A° (e) PL
map focused on peak position of exciton B (f) PL point spectrum plot showing
21.-MoS,, 1L-MoS,, and hetero-structure

We did further analysis of each quasi-particle by focusing on PL-mapped data
near the peak positions of all three quasi-particles A, A_, and B. It can be seen
from figure 3.6 ¢ that trions are spread all over the MoS, single layer with more
trions in the sandwiched part of MoS,;. Figure 3.6 d shows that excitons are
more localized and intense in the sandwiched part of MoS,. It is quite strange
that B excitons are also enhancing when we compare with MoS, on PDMS or
the heterostructures formed at the insulating substrates which need to be ex-
plored more. Moreover, B exciton is localized in the sandwiched part of MoS,.
We have also shown the PL of bilayer MoSs which is very low in magnitude as
compared to monolayer and secondly, it has only trions and no A° exciton with
a few B excitons in agreement with previous reports. Reflection of light can also

cause enhancement in PL but it can not add any specific recombination such as
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excitons or trions. It enhances the overall PL which adds to small changes in
PL enhancement. Mainly, it’s the hole injection from both Au and TaS, that

causes this huge enhancement in PL intensity and provides a new platform for

optoelectronic devices [1, 19, 40, 42, 43, 46, 55, 68, 78, 80, 81].

MoS, (monolayer) | MoSy/TaSs | MoS, (bilayer)
A 1.84255 1.84605 1.83865
Peak Position
(eV) B 2.0009 2.0013 1.93755
A 0.4461 0.4068 0.725
Area/A
B 0.0087 0.034 0.275
A 80 78 102
FWHM
(meV) B 30 60 140

Table 3.3: This table corresponds to figure 3.6 showing quantitative analysis of

all quasi-particles obtained from Lorentzian fitting of PL data shown in figure 3.6
f.

3.2.1.6 Temperature dependent PL measurements of MoS, and TaS,

heterostructures on gold substrate

We did temperature-dependent PL measurements of heterostructure shown in
figure 3.7 a. In contrast to our previous observations of low-temperature PL
measurements on an insulating substrate, as discussed in section 3.5, we obtained
enhanced PL from the sandwiched part of MoS, as compared to the Au part
across all temperature ranges from 3.5 K to 293 K. We also observed less number
of defective peaks at lower temperatures due to substrate effect. In contrast
to our previous observations, we did not observe any biexciton or defect-related
peaks at room temperature in these measurements. It is obvious that when we
encapsulate MoSs in between two metals while maintaining the van der Waals
gap which is compulsory for hole injection, PL is enhanced at all temperatures as
it is depicted in figure 3.8. The possible reasons for this throughout enhancement
of PL at the interface can be the hole injection from both TaSs, and Au with

light scattering from the gold surface because Au surface reflects the light and
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can cause the enhancement in PL as it is already explained in ref 88, and 90
[1, 19, 40, 42, 43, 46, 55, 68, 78, 80, 81].
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Figure 3.7: (a) PL point spectrum of heterostructure at various temperatures
from 3.5 K to room temperature (b) Peak positions of A~, and A® in heterostruc-
ture (c) Integrated PL intensity of heterostructure and bare MoSs showing more
PL emission from the interfaced part at all temperatures (d) FWHM of A™ in
MoS, and heterostructure showing the overall enlargement with temperature as
expected

3.2.2 MoS,; and NbTe,; heterostructure

Following our experiments with TaSy;, we proceeded to interface MoS; with
NbTe,, another metallic 2D material, with a work function of (5.32 eV) to validate
the consistency of our findings. The results reinforced our initial understanding
of van der Waals interfaces, as we observed a similar enhancement in PL at this
interface as well. This is clearly illustrated in figure 3.8 ¢ and table 3.4 that the

interface has more intense PL emission as compared to bare MoS, although the
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enhancement is not as robust as observed for the case of TaSs;. There can be
several reasons such as the stability of NbTe,, thickness of NbTe, crystal, and
sapphire peaks which are dominating the bare MoS, PL measurements affecting
the Lorentzian fitting for less enhancement factor at the MoSy/NbTe; interface.
Due to sapphire peaks, we probably obtained more enhancement in trions as com-
pared to excitons at the interface although both contributed to PL enhancement

in the end. B exciton is also suppressed at the interface as expected on insulating
substrates [1, 82, 83].

MoS,/NbTe]

18 1.9
PL Intensity (cts) Energy (eV)

Figure 3.8: (a) OM image of MoSy partially placed on NbTes, and sapphire
substrate (b) PL map (c¢) PL point spectrum showing PL enhancement at the
interface of MoSs and NbTe,

MOSQ MOSQ/NbTeg
A~ | 1.84621 1.86326
Peak Position | A" | 1.83677 1.89552
(eV) B | 2.01182 2.02604
A 0.218 0.35
Area/Ayy | AV 0501 0.629
B 0.221 0.021
A~ ol 82
FWHM AC 70 53
(meV) B 148 44

Table 3.4: This table corresponds to figure 3.8.
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3.3 Photoluminescence suppression

So far in this chapter, we explained several results showing PL enhancement at
the vertical van der Waals interfaces. From here on, PL suppression will be
demonstrated at various interfaces such as MoS,/graphene, TaS,;/MoSe,, and

MoSey/Au to support our claim of universal control of PL characteristics.

3.3.1 MoS; and graphene heterostructure

Graphene is a 2D metallic material and has very interesting properties in its
intrinsic form. Because of its low work function (4.30 eV), it can be used as an
electron donor to MoSs; which we experimented on and the results were according
to our expectations. PL intensity was greatly reduced in the interfaced part of
MoS, under graphene as compared to bare MoS, as shown in figure 3.9 and table
3.5. It is demonstrated in table 3.5 and figure 3.9 b that A® exciton vanishes at
the interface and we are left with only trionic recombinations happening at the
interface suggesting strong n-type doping to MoS, from graphene doping|[1, 2, 3,
19, 80, 84, 85].

€ cool A A

PL intensity (cts)
o

(s30) Anisuaiu| 1d

Gr/MoS,

v é:ergy 1(:V) *
Figure 3.9: (a) OM image of graphene placed on top of some part of MoSy (b)
PL map (c¢) PL point spectrum showing PL suppression at the interface of MoS,
and graphene and indicating the enhancement of trion and complete suppression
of excitons
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MOS2 GI‘/MOSQ
A~ ] 1.85797 | 1.85911

Peak Position
(eV) B ] 2.02071 | 1.99603
A- 0.732 0.96

Area/Aqo
B 0.054 0.04
A~ 97 80
FWHM
(meV) B 73 32

Table 3.5: This table corresponds to figure 3.9.

3.3.2 TaS, and MoSe; heterostructure

MoSe; is a semiconducting TMDC material and possesses a direct gap when
thinned down to a monolayer. It has a lower bandgap (1.6 eV) than its sul-
fide counterpart. It has some selenium vacancies as sulfur vacancies in MoS,.
However, these vacancies are filled by air or oxygen molecules and the density
of defects or vacancies is less than MoS;. This material has also been very well

studied because of its unique properties.

Here, we focused mainly on the PL of bare MoSe, and its heterostructure with
TaS2. When MoSe; is interfaced with TaS,, a metal that has a higher work
function than, it results in p-type doping to MoSe;. This increases the number
of positive charge carriers, leading to significant suppression of PL compared to
bare MoSey; or MoSe;, on PDMS. The majority of charge carrier transportation
of MoSe, depends on the metal work function used as electrodes and device
fabrication method. Whenever a high work function metal is transferred on top
of MoSe,, the holes are transferred from metal to MoSes, and its doping level
changes causing abrupt changes in its optical properties. Here, we observed the
suppression in PL intensity of MoSes; when it was interfaced with TaSs because
positive trions were formed at the interface due to holes injection from TaS,.
The quenching in PL of the TaSs/MoSe, interface is shown in figure 3.10 and
the quantitative analysis of individual quasi-particles is demonstrated in table
3.6 [17, 29, 86, 87].
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Figure 3.10: (a) OM image of MoSe, placed on top of 30 nm alumina coated
SiO4/Si substrate (b) PL map from the monolayer of MoSe; only (¢c) OM image
of TaS; on top of MoSe; on 30 nm alumina coated SiO,/Si substrate (d) PL map
of interface showing uniform signal but intensity was lower than bare MoSe; (e)
OM image of remaining part of MoSe; (f) PL point spectrum at the bare MoSe,
and interface showing the suppression in PL peak intensity and enhancement in
positive trion intensity. Scale bar in a,c, and e is 5 pm

MoSey | TaS;/MoSe;
AT | 1.565979 1.5593

Peak Position(eV)

AT 0.21 0.24

Area/Atot

AT 37 33

FWHM (meV)

Table 3.6: This table corresponds to figure 3.11 displaying the various parameters
of excitons and trions in MoSes and heterostructure

3.3.3 MoSe; on gold substrate

Following the heterostructure formed by MoSe, with TaS,, we fabricated a ver-
tical van der Waals interface by transferring a monolayer of MoSe, on the clean
surface of Au. To compare, we measured the PL intensity of MoSe; on PDMS
before transferring to Au. After performing the PL measurements on Au, the
results are analyzed in figure 3.11 ¢ which shows the overall significant PL sup-
pression and enhancement in positive trions formed at the interface of MoSes and
Au. As this is demonstrated in table 3.7 A* contribution to the total PL emission

is increasing from 0.52 to 0.58 while the contribution from A° is decreasing from
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0.48 to 0.42 validating the charge transfer happening at the interface of MoSe,
and Au. Figure 3.11 a shows the OM image of a transferred MoSe, crystal on
Au while figure 3.11 b shows the uniform PL map [17, 29, 86, 87].

a (o] 30k 4 MOSeZ

MoSe,/Au

PL intensity (a.u.)

2ul

0- -105 1:5 .1l6 1.7

PL Intensity (cts) Energy (eV)

Figure 3.11: (a) OM image of MoSe, placed on top of Au substrate (b) PL map (c)
PL point spectrum from MoSe; on PDMS and Au showing the huge suppression
in PL intensity of MoSe2/Au

MoSe; | MoSey/Au
AT [ 1.57276 | 1.56622
Peak Position(eV) | AV | 1.58305 | 1.58346
AT 0.52 0.58
Area/Aqo A’ | 0.48 0.42
AT 44 49
FWHM (meV) | AY 32 36

Table 3.7: This table corresponds to figure 3.12 and shows the quantitative anal-
ysis of excitons and trions present in MoSes
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3.4 Raman spectroscopy of MoS; on various

substrates

Raman spectroscopy is a powerful, and nondestructive characterization technique
for most of the materials as explained in methods. Here we will show Raman
spectroscopic characterization of MoSy(1L) and its heterostructure with TaS, on
various substrates. MoS, has several Raman active modes such as E?y, (32 cm™),
Eig (286cm™), Ely, (383 cm™), and Ay, (408 cm™) in its bulk form. And most
prominent are Ay, (out of plane) and E'y, (in plane) which are utilized to allocate
the layer number to thin crystals as well as to show any changes at the interface

of MoSy with other materials.
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Figure 3.12: (a) Raman single spectrum from both MoSy and TaS;/MoS, het-
erostructure on SiO,/Si substrate showing the small broadening in the peaks at
interface (b) Raman single spectrum from both MoS,; and MoS,/TaS, hetero-
structure on 30 nm alumina coated SiOs/Si substrate showing the small broad-
ening in the peaks at interface (¢) Raman single spectrum from MoS; on PDMS
and sapphire showing the small broadening in the peaks when MoS, is placed
on sapphire (d) Raman single spectrum from both MoS; and MoS,/TaS, hetero-
structure on 100 nm gold coated SiO,/Si substrate showing the small broadening
in the peaks at interface
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If the difference in frequency of Aj, and E'y, is less than 20 cm™, it is clear
evidence that the crystal of MoS, is a monolayer. The in-plane (E'5,) mode is
strain sensitive and shows some shift in the peak if some strain is applied or
induced to MoS, due to heterostructure formation or interlayer coupling. As it
can be seen from figure 3.10 the difference in frequency between in-plane and
out-of-plane Raman modes is less than 20 cm™ for bare MoS, and slightly higher
in heterostructure which can be due to charge transfer, strain induced at the
interface due to lattice mismatch between MoS,; and TaS, or the presence of A,
(405 cm™) mode of TaS,. Raman spectra obtained from various substrates show
difference in the peak positions but all of them are quite close which shows that
there is not any drastic change except the substrate effect or interface charge
transfer [80, 88, 89, 90, 91, 92].

3.5 Conclusion

In this chapter, we introduced and explained a novel method to control the op-
tical properties of Mo-based TMDCs. We explained both the enhancement and
suppression of PL intensity of both MoSs; and MoSes. It can be inferred from
the results demonstrated in section 3.2.1 that regardless of the configuration and
geometry of heterostructures, PL intensity can be enhanced by hole injection
to MoSs from high work function metals and maintaining van der Waals gap
between the metals and MoSy crystals. Van der Waals gap is a key parameter
to control the nature of charge transfer. Otherwise, electrons can easily flow to
TMDCs if there is no van der Waals gap between the TMDCs and metals. In
section 3.3, PL suppression of MoSs and MoSe, is presented which is also based
on the same scientific argument as the enhancement. If a low work function metal
is brought in contact with TMDCs, then metal provides electrons that alter the
optical properties of TMDCs as in the case of MoSy/Gr interface, PL is greatly
reduced. For the case of MoSe;, which can behave as a bipolar material, we

showed that positive trions are formed because of p-type doping to MoSe, from
both TaSs and Au.
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Chapter 4

Vertical heterostructures of

tungsten-based chalcogenides
with 2D /3D metals

4.1 Introduction

Tungsten disulfide (WS;) and Tungsten diselenide (WSez) are also well-studied
2D TMDCs after MoS,. WS, is a high band gap semiconductor and increases
even more when it is thinned down to a monolayer due to the transition in the gap
from indirect to direct [30, 31]. WSes is a smaller gap semiconductor (1.64 eV for
1L) as compared to WS, (2.1 eV) though it has the same transition in the gap as
WS, [27, 31]. One interesting difference between these two materials is the nature
of carrier transport. WS, usually behaves as n-type [37, 93, 94] and WSe, shows
the ambipolar response in the transfer curve obtained from gating measurements
[41, 42, 45]. This difference in the nature of these materials makes them good
candidates for tuning their optical properties. In this chapter, we investigated
the effect of doping (both n-type and p-type) on the photoluminescence of these
materials by strategically fabricating the heterostructures with various 2D/3D

metals and utilizing the van der Waals gap.
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4.2 PL enhancement

In this section, we will explain PL. enhancement in tungsten-based TMDC het-
erostructures with metals. We carefully fabricated heterostructures of WS, and
various high work function metals such as TaS,, Au, and Pt to observe the PL
enhancement. To show the significance of the van der Waals gap in these het-
erostructures, we annealed our sample fabricated on Au substrate. We did PL,
Raman, and XPS measurements after annealing to demonstrate that the van der

Waals gap is compulsory for PL enhancement.

4.2.1 WS, and TaS, heterostructures

TaSs is a 2D metallic material having a higher work function of (x5.6eV) [61]
which makes it a good p-type dopant since the Schottky barrier height for holes
decreases with increasing work function according to Schottky Mott law. We
fabricated the heterostructures using standard exfoliation and dry transfer tech-
niques mentioned in detail in the methods. We placed a few layered TaS, partially
on top of the WSy monolayer to see the difference in the PL intensity of WS, bare
and under TaS; which was optically transparent. As expected, we observed the
enhancement in the PL intensity of the heterostructure. Since WS, is an n-type
material, upon interfacing with TaS, which transfers holes to the valence band
of WS, and reduces the number of trions (A7) which are formed due to extra
electrons present in WS,. The enhancement in the PL intensity at the interface
is obvious in figures 4.1 b and ¢ which show the PL maps and point spectrum.
This is also well explained in table 4.1 which shows the quantitative analysis of
trions and excitons. Peaks for both the excitons and trions are shifting in the het-
erostructure towards higher energy indicating an increased number of excitonic
recombinations which is also obvious in the areal ratio (obtained by dividing the
area of trion or exciton to the total area obtained from Lorentzian fitting through
Origin) [1, 17, 19, 27, 30, 31, 94].
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Figure 4.1: (a) OM image of hetero-structure with TaS; on top of WS, on 300
nm coated SiOy/Si substrate(b) PL Map (c¢) PL point spectrum WS, and hetero-
structure

WSQ TaSz/WSQ
A 1.98 1.99013
Peak Position(eV) | A | 1.99736 | 2.00836
A~ | 0.5935 0.5024

Area/ A AU | 0.4065 | 0.4976
A 48 a7
FWHM (meV) [ A7 30 30

Table 4.1: This table corresponds to figure 4.1 and showing the quantitative data
obtained via Lorentzian fitting
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4.2.2 WS, and gold heterostructures

4.2.2.1 PL measurements of WS, on gold before and after annealing

In this section, we demonstrated the impact of the van der Waals gap in these
heterostructures. After obtaining a suitable crystal by mechanical exfoliation of
WS, on the PDMS stamp, we performed PL measurements on PDMS to have a
comparison with Au. We observed a drastic enhancement in the PL intensity of
WS, on Au because of p-type doping and van der Waals gap between the WS,
and Au surface as it is obvious in figure 4.2 b and e. Figure 4.2 b shows the
uniform PL map of WS, crystal before annealing and figure 4.2 e shows the point
spectrum of WSy on PDMS as well as on Au before and after annealing. Table
4.2 also demonstrates the quantitative analysis of A, A*. The spectral weight
of A~ is 0.33 on PDMS which reduces to 0.09 when WS, is transferred onto Au

substrate indicating the strong charge transfer at the interface.

Moreover, we annealed our sample using a CVD furnace by increasing the
temperature very slowly from room temperature to 580 K under inert Ar flow
and kept the sample at 580 K for 15 minutes before cooling down. After annealing,
there are not any excitonic recombinations as well as almost vanished PL intensity
in WS, showing the significance of the van der Waals gap. Photocarriers from
WS, are easily transferred to Au after excitation with a laser if there is no van
der Waals gap. We also observed the same behavior in another WS, sample to
ensure the reproducibility and reliability of these observations. In addition to PL
quenching of WS, after annealing, the physical appearance of the monolayered
part is also different than before annealing as shown in figures 4.2 a, and c¢. The
Intensity in the PL map also drastically drops down after annealing [1, 17, 19,
27, 30, 31, 94]. This section explains the importance of the van der Waals gap
and based on these observations we can say that we will obtain the same results

if we anneal all other samples.
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Figure 4.2: (a) OM image of WS, transferred on top of 100 nm gold coated
SiO,/Si substrate before annealing(b) PL map before annealing (¢) OM image of
WS, transferred on top of 100 nm gold coated SiO5/Si substrate after annealing
indicating a clear difference in optical contrast which can be an evidence for no
van der Waals gap (d) PL map after annealing (e) PL point spectrum on PDMS
and gold (before and after annealing)

WS, /PDMS | Before annealing | After annealing
A 1.98036 1.97936 1.97847
Peak Position (eV) | A" 2.01961 2.018932 N/A
A 0.33 0.09 1
Area/Aq AY 0.67 0.91 N/A
A 58 52 60
FWHM (meV) A° 27 27 N/A

Table 4.2: This table corresponds to figure 4.2 and shows the quantitative data
obtained via Lorentzian fitting of PL data.

36



4.2.2.2 XPS measurements before and after annealing

X-ray photo electron spectroscopy (XPS) serves as a valuable surface-sensitive
technique for elemental identification within materials, operating on the funda-
mental principles of the photoelectric effect. In this characterization technique,
X-rays are directed onto the sample, inducing the emission of electrons. These
emitted electrons are subsequently captured by a detector, which is connected to

the software and plots binding energy vs counts of electrons.

In addition to elemental identification, XPS can also be useful to observe any
chemical or electronic spectral changes to the surface of any material. Since,
annealing changes the bonding and electronic spectra of the interface of WS,
and Au we did XPS measurements before and after annealing to validate the
claim that after annealing we do not have any van der Waals gap between WS,
and Au surface. The shift in peak positions of W (4f), and S (2p) orbitals towards
lower binding energy suggests that the electronic spectra has been changed due
to no gap between Au and WS, [95, 96, 97, 98].

a Before annealing war| b Before annealing S2p

mn —— After annealing e After annealing

g 0.6:7 eV s 073 eV

@ ® —

c C D

2z g i

£ < -n :

38 36 34 32 168 166 164 162 160

Binding Energy (eV) Binding Energy (eV)

Figure 4.3: (a) 4f orbital of W before and after annealing indicating a redshift in
binding energy (b) 2p orbital of S before and after annealing indicating a redshift
in binding energy
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4.2.3 WS, and platinum heterostructures

Platinum (Pt) is also a high work function (5.6 ¢V) noble metal. We deposited
a 30 nm layer of Pt using a precision etching coating system (PECS) on top
of SiO,/Si substrate and transferred a monolayer of WS, on top of it. To give
another evidence of p-type doping because of the high work function of Pt and van
der Waals gap in between WS, and Pt surface. PL intensity was also increased
in this interface giving another strong evidence to our claim of universal control
of PL of TMDCs. As it is obvious in figures 4.4 b, ¢, and table 4.3 that there
was a huge enhancement in the PL, and no trion peak was observed at all when
we tried to fit the data using Lorentzian fitting. The 4-fold enhancement in PL,
disappearing trionic peak, and blue shift to the excitonic peak position strongly
suggest the p-type doping from Pt to WS,. Pt has already been studied and
shown the better p-type doping to MoS; and we also confirm it here using WSy
11, 17, 19, 27, 30, 31, 94].

24k WS,/PY
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o I —73 1.8 19 20 21 2.2
PL Intensity (cts) Energy (eV)

Figure 4.4: (a) OM image of WS, transferred on top of 30 nm Pt coated SiO,/Si
substrate (b) PL map (c) PL point spectrum showing the comparison between
WS,-1L on PDMS and Pt
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WS, /PDMS | WS, /Pt
A [ 1.97033 N/A
Peak Position(eV)
A 0.34 N/A
Area/Aqq
A 78 N/A
FWHM (meV)

Table 4.3: This table corresponds to figure 4.3 and showing the quantitative data
obtained via Lorentzian fitting of PL point spectrum plotted in figure 4.3 ¢

4.3 Photoluminescence suppression

4.3.1 WS5 and silver heterostructure

Silver (Ag) is known for its best electron doping capability to semiconductors
because of its low work function (4.3 eV). Schottky barrier height for electrons is
very small when Ag is interfaced with TMDCs. We transferred a single layer of
WS, on top of Ag and did the PL measurements, before and after transferring.
We observed a huge suppression in PL and enhancement in the number of trions,
which indicates that WS, is receiving electrons from Ag and hence reduction in
the excitons, and ultimately the suppression in the overall PL emission intensity
as shown in figure 4.5 and table 4.4. The suppression in the PL intensity, red-
shift in peak positions of AY, and A-, suppression in spectral weight of A°, and
enlargement in spectral weight of A™ indicate that there is strong n-type doping
to WS, from Ag [1, 17, 19, 27, 30, 31, 94]..

WS, /PDMS | WSy /Ag
A 1.98706 1.99396

Peak Position(eV)

A 0.22 0.46

Area/Ao

A 66 40

FWHM (meV)

Table 4.4: This table corresponds to figure 4.5 showing the quantitative data
obtained via Lorentzian fitting of PL point spectrum plotted in figure 4.5 ¢
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Figure 4.5: (a) OM image of WS, transferred on top of 30 nm Ag coated SiO,/Si
substrate (b) PL map (c) PL point spectrum showing the comparison between

WS,-1L on PDMS and Ag

4.4 WSes; and TaS, heterostructures

WSe, is an ambipolar semiconducting material and shows the direct transition
of charge carriers when it is thinned down to a monolayer. Depending on the
nature of the interfaced material, its PL intensity can be manipulated with the
negative and positive charge injection. If a heterostructure is formed between a
metal and WSe,, it can dope WSe, with either holes or electrons depending on

the work function of the metal.

TaSs; can be used as a hole dopant to semiconducting materials, and we ex-
ploited its ability to donate holes to WSes in this section. Since WSey prefers
p-type behavior, its PL can be reduced by adding more holes into it due to the
formation of positive trions (A*). We experimented and confirmed that the PL
intensity of MoSey can be reduced upon p-type doping by TaS,. Moreover, van
der Waals gap is also compulsory for this charge injection. As explained in section
4.2.1, if there is no Van der Waals gap in these heterostructures, we will get a huge
suppression of PL. It is shown in figure 4.6 b that PL is reduced significantly at
the interface of WSe, and TaS,, and we got a positive trion due to hole injection
from TaS, as well at the interface [1, 5, 19, 41, 42, 45, 46, 47].
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Figure 4.6: (a) OM image of TaS; placed on top of WSey on SiO,/Si substrate

(b) PL point spectrum from bare WSey and hetero-structure showing the huge

suppression in PL intensity at interface and the appearance of positive trions at

interface

WS€2 TaSQ/WSeQ

A*[TN/A | 1.6236

Peak Position(eV) | A” | 1.63996 | 1.641858
AT N/A 0.16

Area/ Ao Al 1 0.84
AT N/A 7
FWHM (meV) | A7 33 37

Table 4.5: This table corresponds to figure 4.6.

4.5 Conclusion

In this chapter, we successfully managed to enhance and suppress the PL inten-
sity of WSy and WSey by making van der Waals heterostructures of WS, and
WSe, with 2D /3D metals such as TaSs, Au, Pt, and Ag utilizing the work func-
tion of metals. Moreover, We investigated the significance of the van der Waals
gap between these heterojunctions. PL and XPS measurements before and after
annealing show the importance of the van der Waals gap. We systematically

explored the tunability of PL intensity of WS, and WSe; by using different work
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function metals to inject different charge carriers to WSy, and WSe;. Our re-
sults offer a comprehensive way to control the fundamental optical properties of

TMDCs which can be utilized in LEDs, lasers, and other optoelectronic devices.
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Chapter 5

Conclusion and Future Works

Metal semiconductor interfaces are of huge importance in terms of nanoelectronics
and have been explored quite extensively in the community of 2D materials and
there are many thorough studies devoted to these interfaces exploring transport
properties and their various parameters. In this study, we investigated the optical
properties of semiconducting TMDCs when interfaced with 2D /3D metals and
our observations offer a universal way to control the PL intensity of these TMDCs.
In our study, we successfully tested various metal-semiconductor heterostructures
fabricated with different 2D /3D metals such as TaSs, NbTey, graphene, Ag, Au,
and Pt with MoSs, WS,, WSe,y, and MoSe;. We showed in this study that the
type of charge carrier injection depends on the work function of metal if there is
a van der Waals gap between metal and semiconductor. A higher work function
metal has lower SBH for holes and hence dopes semiconductors with a positive
charge and influences the optical properties of these TMDCs. If an n-type TMDC
material like MoSs, then its PL intensity is enhanced significantly and the shape
of the peak also gets better because free electrons are reduced and so are the
defects. If the nature of the TMDC is p-type, like WSe,, and is interfaced with a
higher work function metal that gives more holes to WSe, ending up with more

positive trions and reduction in PL intensity.

In addition to room temperature measurements, we also performed
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temperature-dependent PL measurements of TaS;/MoSs heterostructures on
SiOy/Si and Au substrates. The temperature-dependent PL measurements on
SiO4/Si substrate show persistent biexcitons throughout all the temperatures
while on Au, they can only be observed at lower temperatures due to the sub-
strate effect and thin film interference as well as higher work function of Au.
Biexcitons observed in SiO,/Si substrate start converting into trions or excitons

after 250 K which has not been reported before.

We also performed PL measurements under an external electric field and ob-
served very peculiar results that had not been reported before. PL measure-
ments under the external field for bare MoS,; were the same as already observed
by various groups and reported in several reports. However, at the interface of
TaSs/MoSs we observed persistent exciton even when the applied back gate volt-
age was 100 V. The possible reason behind this could be the continuous hole

injection from TaS; to MoS, at the interface.

Moreover, we also investigated the significance of the van der Waals gap by
performing PL and XPS measurements before and after annealing. PL intensity
almost vanishes after annealing while a drop of 0.67 eV and 0.73 eV in the binding
energy of 4f and 2p orbitals of W and S respectively. These results further validate

the elimination and consequences of the elimination of van der Waals gap.

MoSs | MoSes | WSy | WSeq
TaS, 7 0.2 1.08 | 0.32
NbTGQ 1.6 - - -
Graphene | 0.24 - - -
Au 1.4 0.13 3.1 -
Pt - - 3.7 -
Ag - - 0.2 -

Table 5.1: This table shows the enhancement factor of PL intensity in various
interfaces. The first column shows 2D /3D metals and the first row shows TMDCs
we used in this study. Blue colored numbers are showing the enhancement and
red colored numbers are showing the quenching factor.

To sum up, This work shows a universal way to control the PL intensity

utilizing the van der Waals gap and metal work function as illustrated in the

44



table that we can enhance or suppress the PL intensity of TMDCs by carefully
choosing the metal and TMDC material. These observations provide a platform

for novel optoelectronic devices, LEDs, and lasers.
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