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Abstract

Two-dimensional (2D) materials, namely graphene, hexagonal boron nitride (hBN), and
transition metal dichalcogenides (TMDs), have gained incredible attention due to their
unique optical, electrical, and mechanical properties. Graphene being a zero bandgap 2D-
material, has limited applications in opto-electronics devices [1]. Possible ideal materials
for replacement of graphene in the future optoelectronics are TMDs, depicted by MXs,
where M and X are transition metal (Mo, W, Nb, Ti, etc.) and chalcogen (S, Se and
Te), respectively, e.g., MoSy, MoSes, MoTey, etc [2]. In MX, type TMDs, a transition
from an indirect bandgap to a direct bandgap has been observed as a number of layers
decrease due to the quantum confinement effect [2] [3] [4]. Molybdenum disulfide (MoS,),
a member of the TMDs family, has been widely explored due to tunability of bandgap
(1.3 eV in bulk and 1.8 eV in monolayer) [4], high elastic modulus (~170 N/m) [5],
high on/off ratio (~10%) [6], high carrier mobility (40-480 cm?/V-s) [7] and lack of short
channel effect [7], which makes it appropriate for application in flexible devices [5] [7],
photodetectors [8] [9] [10] [11], field-effect transistors [7] [12] [13], space applications [14]
[15], gas sensors [16], neuromorphic computing [17] [18] [19], biomimetic sensing [18] [19],

ete.

There are various methods to synthesize TMDs, but powder-based chemical vapor depo-
sition (CVD) has shown the potential to produce high-quality films at a lower cost. Syn-
thesis of MoS,; by CVD has already been reported, but there were several lackings where
significant improvements in growth were required to utilize full potential of MoS, film.
Precise control over precursors, temperature, substrate and boundary layer is paramount
to achieve desired CVD growth of MoS,, but, unfortunately, these issues were not ad-
dressed adequately. Most of the reported work was focused and limited to low-pressure
and high-temperature CVD, SiO,/Si substrate, pre-growth treatment of the substrate,
multi-zone CVD furnace, etc. However, these requirements make the growth process
expensive, time-taking and less suitable for batch production in industry. In order to
overcome some of the aforementioned limitations/challenges, in the first three objectives
of the thesis, we addressed various questions and limitations like which precursors are
best for CVD 1L-MoSs, reducing the growth temperature, extending CVD of 1L-MoS,

on different types of substrates, low-temperature large-area growth of MoS, without do-
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ing pre-growth treatment of substrates and understanding the role of the concentration

boundary layer, etc.

Initial work primarily focused on finding the best-suited molybdenum (Mo) source pre-
cursor for high-quality CVD of 1L-MoS, and lowering the growth temperature. We did
a quantitative comparison of CVD synthesis of MoS; on SiO,/Si substrate using three
different precursors/growth promoters viz., molybdenum trioxide (MoOj3), ammonium
heptamolybdate (AHM) and tellurium (Te). A strategy based on growth temperature
and the ratio of precursors was developed to control the thickness and growth area of
MoS, flakes systematically. Highly crystalline large-sized 11.-MoS, flakes were obtained
at S to MoQOj particles ratio of ~30:1. Furthermore, using Raman spectroscopy, we pro-
posed a three-step chemical reaction mechanism for the evolution of MoS; from MoOj
micro-crystals. Our findings showed that for large-sized crystalline 1L-MoS, flakes, MoO3
is a better choice than AHM and Te-assisted synthesis. Finally, with the introduction of
Te, MoS,; growth temperature was lowered down by ~250°C, and monolayer and bulk

MoS, flakes were obtained.

To reduce the cost of CVD synthesis, there was a pressing need to lower the growth
temperature and achieve TMD growth over various substrates for different device ap-
plications. So, our second objective was the low-temperature synthesis of high-quality
1L-MoS, films over different substrates, particularly flexible mica. But Te-assisted growth
was limited to SiO5/Si only and over mica, Te-assisted growth produced bulk MoS, only.
So, we replaced Te with sodium chloride (NaCl), which is very cheap compare to Te.
NaCl-assisted growth of 1L-MoS, films and flakes were carried out on amorphous (SiOy/Si
and fused quartz), crystalline (sapphire and silicon) and layered substrates (mica). Sig-
nificantly, we reduced the growth temperature from ~ 900 to 650°C, and the crystalline
quality of film/flakes was enhanced. 1L-MoS, flakes grown over SiO,/Si and sapphire
substrate were large-sized and had sharp edges (up to ~ 150 pum).

These as-grown 1L-MoS,; samples were characterized by various techniques, and Ra-
man/PL showed that 11.-MoS, /sapphire has relatively better optical properties and least
structural disorder than 1L-MoS,; on other substrates. In contrast to large-sized 1L-
MoS, flakes grown over sapphire, a continuous film of 1L-MoS; was observed over the

entire mica substrate, attributed to the mica substrate’s layered nature, which has facili-
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tated the growth. Furthermore, growth mechanism was discussed based on NaCl-assisted
formation of the seeding layer of NayS and/or NaySOy, which enhanced 2D planar nucle-
ation. The study depicted that the NaCl assisted in forming seeding promoters such as
a water-soluble layer of NayS and/or NaySO,4 on the substrate that helped in 2D planar
nucleation of MoS;. The formation of such intermediate seeding layers also helped in

MoS; layer transfer owing to its easy water solubility.

After synthesizing high-quality 11-MoS, film/flakes at low-temperature, our next goal was
to achieve large-area growth of layered MoSs, and for that, we developed a novel approach.
Controlling the concentration boundary layer formation by tuning separation between the
precursors and growing face of the substrate, we can control layer number, growth area
coverage and nucleation density easily. So in our third objective, we synthesized high-
quality large-area trilayer (3L)-MoSy (up to & 4 cm?) at low temperature (650°C) by
controlling the concentration boundary layer. The physical and chemical properties of
3L-MoS, were analyzed by optical microscopy (OM), Raman spectroscopy, atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
transmission electron microscopy (TEM), etc. High uniformity and low roughness of large
area 3L-MoS, were confirmed by Raman scattering and AFM measurements, respectively.
UV-vis spectroscopy in reflectance mode was carried to calculate the bandgap of MoS,
film, and it was found to be 1.7 eV, indicating the trilayer MoS,. Our as-grown 3L-MoS,
films were single crystalline as identified by XRD and TEM measurements. We believe
that regulated control over concentration boundary can lead to high-quality wafer-scale

growth of other TMDs for engineering future nanoelectronics.

After achieving significant improvement in the CVD of MoS,, we focussed our attention
on investigating the properties of as-grown 11-MoS, flakes. Since these 2D-TMDs have a
high surface-to-volume ratio and ultra-low thickness, fabricated devices are susceptible to
surrounding environments such as air and radiation. This radiation may degrade device
performance too. So, understanding the radiation hardness of 2D-TMDC was extremely
important for space instrumentations. So, our fourth objective was to study the impact
of gamma irradiation on 1L-MoS, flakes and corresponding changes in their chemical
and structural properties. 1L-MoS, flakes on sapphire were irradiated by the Cobalt-60
gamma source (~1.25 MeV) at various doses (1-1000 kGy) with a dose rate ~3.2 kGy /hr.
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We estimated that the temperature of MoS, increases by 1.3°C per kGy of gamma-ray
dose. It was observed that up to 130 kGy, gamma exposure has no significant impact
on the morphology and chemical properties of MoS;. However, XPS showed that from
275 kGy, MoS, started converting into MoQO,. Raman spectroscopy showed that at low
gamma doses, the crystallinity of MoS,; was increased, while at higher doses, a traceable
amount of MoS, started converting into amorphous MoSs. Our findings showed that both
Eég and A;, Raman mode of MoS; show a blue shift as gamma irradiation dose increases
owing to the combined effect of sulfur vacancies creation and strain caused by thermal

expansion of MoS,.

As graphene (Gr) is an atomically thin material, it has a very high surface-to-volume
ratio that makes it prone to the surrounding environment. So to support or encapsulate
graphene, we can use various substrates like Si- or Al-based oxides, but unfortunately,
it incorporates surface roughness, charged impurities, dangling bonds, which ultimately
cause ripples, disorder [20] and doping fluctuations [21] in graphene. Like graphene,
TMDs are atomically thin and very flat materials with a high dielectric constant. So, in
last thesis work, the idea was to use various TMDs as encapsulating layers for graphene
and unravel the behavior of Raman 2D-mode of graphene under various dielectric envi-
ronments, which ultimately led to understand the smearing of Kohn anomaly near I'-
and K- points. We used different kinds of mechanically exfoliated verticle heterostruc-
ture samples like suspended 1L-WSey/Gr, which has four different interesting regions
(suspended Gr on the hole, SiOs/Gr, SiOy/Gr/WSe, and suspended WSey/Gr); the sec-
ond sample was hBN-supported 11-MoSey/Gr and the third sample was hBN-capped
1L-MoSey/Gr.

Raman scattering measurements showed that unlike G-mode (wg), Raman 2D-mode
(wap) of graphene strongly depends upon the dielectric environment and incident photon
energy. The higher the dielectric screening for graphene, the lesser the electron-phonon
coupling, leading to the blue-shift in wyp. Dispersion of wyp increased as incident photon
energy were increased. Also, at a particular incident photon energy, as the screening for
graphene increases, wyp upshifts accordingly. Our Raman findings showed that a single

layer of TMD is as effective as two layers of monolayer hBN.
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