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ABSTRACT

Monolayer transition metal dichalcogenides (TMDs) are promising additions to the
growing number of 2D materials. Numerous potential applications have been identified,
especially in the fields of electronics and optoelectronics. Among the TMDs, MoS2 is the most
well studied. A common synthesis technique is chemical vapor deposition (CVD), whereby
layers are built from gas phase reactants. Here, we pursued an optimized atmospheric pressure
CVD process for MoS2 using an MoO3 precursor powder. The optimization criteria were: (1)
deposition of monolayer MoS2 (2) the presence of single crystal domains with edge lengths ≥20
µm (3) high photoluminescence (PL) intensity (4) widespread monolayer coverage on the
substrate (5) reproducibility and consistency of results. The work was split into three phases; in
phase one, only MoO3 and sulfur precursors were used. Consistent growth of monolayers only
occurred adjacent to the MoO3 powder grains and despite a high PL intensity, the size and
quality of the crystals were poor. In phase 2, a heterogeneous combination of MoO3 and MoS2
powders was used. The monolayer coverage and reproducibility increased dramatically, but the
domain sizes were mostly below 20 µm and significant variations in PL were observed. In phase
3, NaBr was added to the MoO3 precursor. Monolayer domain sizes above 200 µm were
achieved alongside large-area coverage and satisfactory PL intensity. A humidity spike in the
laboratory greatly reduced the sample quality, demonstrating that the method is unreliable
without proper parameter controls. Overall, the NaBr-MoO3 precursor provided the best results
and optimization was close to complete, but further work needs to be done to improve the
reproducibility and consistency of results.
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Chapter 1 Introduction
1.1 Graphene and 2D Materials
In our industrialized society, the materials that push forward our technological
capabilities are of great importance to everyone, whether they are aware or not. As such, twodimensional (2D) materials have garnered much interest recently for their enormous potential to
advance fundamental knowledge and create devices of improved performance and size. The first
of the 2D materials to be physically isolated from its bulk counterpart was graphene, after a
seminal paper published in 2004 elucidated how to mechanically exfoliate samples using the socalled Scotch-Tape method [1]. The discovery prompted extensive research on graphene and
graphene based devices. Beyond atomic thinness, pristine graphene has numerous extraordinary
characteristics, such as its high strength (~1TPa) [2] and great carrier mobility (~200,000 V cm2
V-1 s-1 under idealized conditions) [3]. Even so, certain limitations of graphene became apparent,
chiefly the lack of a bandgap, which precludes its use in wide array of circuit components. Many
researchers have investigated ways to create a bandgap in graphene through methods such as
doping and reduced geometry nanoribbons [4]. Unfortunately, the creation of a gap is inexorably
linked to an alteration of the electronic/optical characteristics; finding a balance of properties
suitable for application was and is elusive. Investigating other material systems that could
complement, supplement, or simply outperform graphene thus became an increasingly attractive
option.
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1.2 Properties of TMDs
Spurred by the investigation of graphene, another class of 2D materials has emerged as a
very promising area for investigation: the transition metal dichalcogenides (TMDs) [2]. TMDs
are layered materials with the formula MX2 (M = transition metal, X = chalcogen species). Their
bulk phases consist of atomically thin sheets held together by van der Waals interactions [2].
Each sheet is three atoms thick, with the transition metal in the central plane and the chalcogen
atoms in the adjacent planes. There are primarily two distinct structures for TMD sheets
(although exceptions exist): the 2H and 1T phases [5]. Figure 1-1 from reference [6] illustrates
the two phases.

Figure 1-1: The two common crystal structures of TMD sheets.
Molybdenum atoms are in blue. Sulfur atoms are in yellow. (a) The 2H
phase (b) the 1T phase. Sourced from reference [6].

In the 2H phase, the transition metal atoms have trigonal prismatic coordination while in
the 1T phase, they have octahedral coordination. One phase is thermodynamically stable under
standard conditions, while the other can be metastable [5]. What makes the TMDs so promising
is how their properties change as a function of the number of layers. In their few- and monolayer
forms, the TMDs can be insulating, semiconducting, conducting, and even superconducting
under the right circumstance [2]. With such a wide range of emergent properties, TMDs can
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complement one another and other 2D materials to create novel device structures. The
applications include p-n junctions, field-effect transistors (FETs), logic gates, photodetectors,
solar cells, light-emission sources, energy storage devices, gas sensors, and catalysts [2].
The TMD that is the focus of this paper is molybdenum disulfide (MoS2). Its
thermodynamically stable form is the hexagonal 2H structure, with a lattice constant of a =
3.16Å [7]. In the bulk phase, MoS2 (also known as molybdenite) is a known semiconductor and
the major mineral source of molybdenum [5]. As a 2D material, it is one of the most well studied
of the TMDs. Of particular interest are its electronic and photonic properties. Like other
semiconducting TMDs, MoS2 undergoes an interesting transition from indirect bandgap in
multilayer form to direct bandgap in monolayer form [2]. The evolution of the band structure of
MoS2 is shown in Figure 1-2. The direct bandgap has a value around 1.84eV, although that value
is subject to modification by environmental factors such as strain, doping, and defects [2]. The
resulting intense photoluminescence is in the optical range, specifically red. Quantum efficiency
of the photoluminescence can vary greatly depending on the quality of the material [8]. The
electron carrier mobility of MoS2 also varies significantly from sample to sample, but room
temperature values as high as 150 cm2 V-1 s-1 have been reported [9]; the theoretical limit is
approximately 410cm2 V-1 s-1 [9].
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Figure 1-2: The band structure evolution of 2H-phase MoS2. (a) Bulk (b) 4 Layers (c)
2 Layers (a) Monolayer direct bandgap. Sourced from reference [5].

1.3 Synthesis of Transition Metal Dichalcogenides
Many works have been published on the subject of modeling, synthesizing,
characterizing, and utilizing TMDs, but more research is needed on all fronts before any are
ready for industrial application. In regards to the synthesis aspect, two broad categories for the
creation of mono- and few-layered TMDs exist: top-down and bottom-up methods. For the topdown approach, the bulk TMD serves as a starting material before being thinned down. One
popular way to achieve this thinning is by mechanical exfoliation (“scotch tape method”), where
layers are peeled off using an adhesive [2]. By continuously folding and separating the adhesive,
flakes decrease in thickness rapidly. Once the adhesive is applied to a substrate and peeled off,
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areas of mono- and few-layer TMD are left on the substrate material. Although mechanical
exfoliation generally provides the highest quality samples for use in proof-of-concept research,
its biggest problems are the lack of layer number control and absence of scalability [2]. As such,
it is not suitable for industrial needs.
Bottom-up approaches build TMDs by self-assembly from precursor materials. The most
prevalent technique is chemical vapor deposition (CVD). See Figure 1-3 for a generalized CVD
schematic. As the name CVD suggests, the technique involves chemical reaction of vapors to
synthesize the material on a substrate [2]. The vapor sources can be gases or volatilized
solids/liquids. To minimize contamination and maximize quality, an inert carrier gas is usually
used to transport the vapors [10]. Some setups will incorporate a vacuum pump to help flush out
the ambient gases and/or create a low-pressure environment for the synthesis. A typical CVD
setup will consist of: precursor materials, a substrate, a furnace with 1 or more temperature
zones, a quartz tube, carrier gas injection system, and maybe a vacuum pumping system [11].
Due to the relative ease/inexpensiveness with which such a system can be installed in a
laboratory, CVD is a very accessible technique. The same features make it very applicable in
industrial settings, especially considering its scalability [5]. Although CVD is relatively cheap,
the material being grown will dictate what additional measures and equipment are needed to
ensure the desired characteristics are preserved. Especially for materials whose properties are as
tunable as TMDs, higher quality precursors, cleaner equipment, and more precise parameter
controls will lead to greater reproducibility [11]. On the other hand, an optimized process can
often mitigate the effects of more relaxed controls.
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Figure 1-3: A generalized CVD system schematic.

1.4 Review of MoS2 CVD
There have been numerous papers written about the CVD of TMD monolayers,
concentrated in the past seven years or so. This accumulation of knowledge has facilitated
greatly improved results. Of particular relevance to this work are papers utilizing solid MoO3 and
sulfur precursors for deposition of MoS2 on SiO2. That particular grouping of precursor materials
is important: firstly, solid sulfur is inexpensive, readily available, and much less toxic and
dangerous than some other sulfur sources such as H2S [12]. Moreover, solid precursors are
easier to handle than their liquid/gas counterparts, which is attractive to research laboratories.
The reasoning behind using an SiO2 substrate is that it is an extremely well-studied, wellunderstood, high-quality, and high-temperature material that supports the epitaxial growth of
MoS2 [2].
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As far as molybdenum sources go, there are many options but MoO3 is the most
widespread [13]. MoO3, unlike Mo metal, does not need to be deposited in a thin layer using ebeam deposition, which is expensive and tends to produce polycrystalline films with nonuniform layer number [11]. The thermal decomposition of (NH4)2MoS4 is another option but also
tends to produce multi-layer and polycrystalline MoS2 films [11]. MoO2 has a much higher
melting point (1100°C) than MoO3 (795°C), which means that – all other things being equal - a
much higher temperature must be used to reach the same vapor pressure. The physical vapor
deposition (PVD) of MoS2 is valid but requires high temperature and/or low pressure for
substantial growth [11]. Additionally, nucleation appears to be essentially random using the PVD
method [11]. With all that in mind, MoO3 becomes one of the more attractive precursor options.
Here we will outline the work that has been done so far using MoO3 and sulfur
precursors on SiO2 substrates. The first thing to realize is that “monolayer MoS2” and “no
growth” are not the only two possible outcomes of the synthesis. Han S., et al. demonstrated that
CVD growth in a highly sulfur sufficient atmosphere promoted kinetic growth conditions,
yielding MoS2 nanoparticles and nano-rods on the surface of the SiO2 substrate [14]. On the
other hand, Najmaei S., et al. found that insufficient sulfur vapor pressure lead to incomplete
sulfurization of the MoO3, producing dense and thick patches of oxysulfide rhombus growth
[15]. The same paper also detailed how the addition of more sulfur altered the results and instead
formed monolayer MoS2 domains of varying sizes and shapes. Senthilkumar V., et al, showed a
similar trend where insufficient sulfur vapor pressure allowed the growth of oxysulfide
rhombuses and rods [16]. In slightly more sulfur rich environments, triangular MoS2 domains
began to form alongside stretched hexagons of oxysulfide. Mono- and few- layer regions of
triangular MoS2 formed and coalesced when an even greater amount of sulfur was used.
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In regards to vacuum conditions and their effect on growth, Najmaei S., et al. utilized
their low-pressure CVD (LPCVD) system to illustrate how varying the pressure from 0.5KPa to
40KPa changed the size, nucleation density, and shape of MoS2 monolayers [15]. Using LPCVD
and MoO3, Yang X., et al. were able to produce large monolayer MoS2 domains with edge
lengths up to 405 µm with good electrical qualities [17].
In order to design better experiments, it is advantageous to understand the complexities
MoS2 growth; the initiation of that process is nucleation. It is often observed that distinct
particles exist in the centers of CVD-grown MoS2 domains, where one would expect nucleation
to occur [10]. Cain J., et al. investigated these particle “seeds” and found that they possessed a
distinct core-shell structure [10]. The core consisted of aggregated molybdenum oxysulfide
(MoO3-xSy) clusters; the surrounding shell consisted of a multilayer MoS2 fullerene. Monolayer
domains then grew outward from the perimeters of the seeds. The authors proposed that these
seeds were synthesized on the ramp up to maximum temperature, before sufficient sulfur and
heat were present to fully sulfurize the MoO3 vapor [10]. This explanation is compelling
considering how pervasive reports of these seeds are and how apparently random nucleation is
when dealing with the PVD of MoS2 [10, 11]. Figure 1-4 from reference [10] displays seeds and
their core-shell structure. The pictures were generated with high-angular annular dark field
(HAADF) imaging.
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Figure 1-4: The core-shell nature of MoS2 seeds generated without a proactive seeding
treatment. (a) Low-magnification HAADF image of triangles and their seeds. (b)
HAADF image of a seed and its core-shell nature. Sourced from reference [10].

Sizes of CVD MoS2 domains can vary drastically depending on the growth conditions.
Domain edge lengths from sub-micron level to hundreds of microns have been reported. For
example, Lin Z., et al. demonstrated mean monolayer sizes from 23 µm to over 300 µm
depending on substrate position (although the optical images they provide appear to show
extensive zones of adlayer growth on the larger crystals) [18]. Figure 1-5 shows a 308 µm
triangle they identified.
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Figure 1-5: A 308 µm MoS2 monolayer triangle. The darker
triangular spots covering the monolayers are likely
adlayers. Sourced from reference [18].

For many syntheses, crystal sizes can and likely will differ significantly even on a single
substrate. For instance, Wang S. et al. obtained coexisting edge lengths from 2 to 47.9 µm [19].
Also of note from that same paper is the description of how domain shape is affected by
composition. The shape ultimately depends on the ratio of the S atom bonding rate to the Mo
atom bonding rate. When the ratio is less than 2:1, Mo-terminated triangles form; when the ratio
is 2:1, hexagonal domains form; when the ratio is greater than 2:1, S-terminated triangles form.
Figure 1-6 from reference [19] outlines the shape evolution of MoS2 domains.
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Figure 1-6: Shape evolution of MoS2 monolayers based on the bonding rate of the elemental
constituents. Sourced from reference [19].

The presence of a direct bandgap in pristine MoS2 monolayers ideally facilitates intense
PL in the optical range. In practice, the PL quantum yield (QY) of as-grown MoS2 layers is very
diverse [8]. The PL quantum yield is defined as the ratio of photon emission through
fluorescence to photon absorption. A paper by Amani M., et al. demonstrated that a combination
of transference and a chemical treatment could enhance the PL QY of their CVD mononolayers
by more than two orders of magnitude [8]. Their as-grown samples (which were specifically
grown in sulfur deficient atmospheres) had peak QY values of under 0.1%. The samples were
subsequently transferred to a new quartz substrate, which released strain on the monolayers
incurred during cooldown [8]. According to their calculations, the as grown-samples had been
under 0.8% tensile strain; a tensile strain around 1% is thought to be enough to induce an indirect
bandgap in monolayer MoS2 and thus severely degrade the QY [8]. Upon treatment with
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bis(trifluoromethane)sulfonamide (TFSI) – which is believed to facilitate the passivation of
sulfur vacancies [20] - the QY of the transferred monolayers jumped to ~30%.

1.5 Project Description
Despite the breadth of information available on MoS2 CVD, there are major difficulties in
transferring the techniques and knowledge of one laboratory to another. The issue arises from the
sensitivity of CVD [21]; among other things, equipment cleanliness, substrate preparation,
substrate arrangement, crucible dimensions/shape, humidity, carrier gas, furnace heat profile,
accuracy and precision of system controls, and precursor age/manufacturer/batch can all affect
the results of a synthesis [11, 18, 22-24]. Exact replication becomes extremely difficult and timeconsuming if not impossible. The existing literature therefore serves more to advise than to
direct. It is up to each laboratory to choose appropriate starting parameters and optimize from
there.
The goal of this work was optimization of MoS2 atmospheric-pressure CVD (APCVD)
using a powdered MoO3 precursor. The optimization criteria were as follows: (1) synthesis of
monolayer MoS2 flakes (2) formation of large (>20 µm edge length), single crystal domains (3) a
high degree of photoluminescence (4) large area of monolayer coverage on the substrate (5)
reproducibility and consistency of results. “Large” was set arbitrarily at >20 µm because
accurate transfer and basic device fabrication becomes more accessible at around that size
(specifically for the capabilities of the Terrones Group at the Pennsylvania State University). In
regards to criterion number (3), a high PL intensity was determined primarily using fluorescence
microscopy. If a sample appeared promising, its PL was occasionally investigated further with
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Raman spectroscopy to obtain a more complete picture. As with criterion number (2), large area
coverage is subjective; in this case it roughly translates to greater than 100 observable single
crystal domains that are spread out enough to allow the growth substrate(s) to be split into
multiple samples. Probably the most important of the criteria is (5); without reproducibility and
consistency, the CVD process cannot reasonably be labeled as fully optimized.
There were three distinct phases of this project. The first of the phases was synthesis from
only MoO3 and sulfur. That phase yielded very poor results; monolayer MoS2 was almost never
observed on the growth substrate and when it was, the coverage and domain sizes were modest at
best. However, the unanticipated detection of frequent monolayer growth around the MoO3
precursor powder spurred the next phase of investigation: a heterogeneous mix of MoS2 and
MoO3 precursor powders. That precursor combination greatly enhanced the monolayer coverage
and domain size while simultaneously improving reproducibility of results. However, adequate
PL intensity in isolated domains remained elusive. Considering some seemingly insurmountable
issues, a third phase of the project was initiated: a combined MoO3 and halide salt precursor. The
impetus for the change came from reports that halide salts enhanced aspects of TMD monolayer
synthesis [21]. Indeed, the addition of a halide salt precursor allowed for greatly increased
monolayer coverage and domain size compared to the mixed MoO3 and MoS2.
Initially, the requirement of high PL intensity in conjunction with adequately large
domains was unobtainable from NaBr-assisted syntheses; however, a change in MoO3 source
and some parameter modifications produced monolayer domains over 150 µm in size with
decent PL intensity. The optimization appeared to be complete, but an unexpected, fast, and
dramatic increase in laboratory humidity demonstrated that reproducibility was lacking without
proper atmospheric controls. Therefore, although optimization was close to complete by utilizing
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the halide-salt-assisted growth, more work needs to be done to improve the CVD of MoS2 using
MoO3 powders.

1.6 Methods

1.61 Synthesis Procedure

To start off the synthesis process, substrates were prepared and cleaned. The substrates
used were silicon with a 300 nm layer of SiO2 on top. Firstly, their surfaces were sonicated in a
1:1 mixture of isopropanol (IPA) and acetone (ACE) for 20 minutes. After a quick rinse in
deionized (DI) water, they were cleaned using piranha solution (3:1 mixture of 98% sulfuric acid
to 35% hydrogen peroxide) for 1 hour at 90°C. Next, the substrates were dried with N2 gas and
placed in an air plasma cleaner at 10.5W RF power for 10 minutes. After a final DI water
sonication, the substrates were dried once again with N2 gas.
The next step was to arrange the quartz tube and furnace. Firstly, one of the prepared
substrates was lowered to the bottom of a 1 cm high alumina crucible, SiO2 side up. Onto its
center was placed the molybdenum source(s) and any salts involved. The remaining substrates
were positioned on top of the same “molybdenum boat” at strategic distances from the powders,
SiO2 facing down. The exact distances changed over the course of the project, although a
substrate was placed directly above the powder in nearly every instance. The entire crucible was
then pushed into a 1in quartz tube up to a set mark (14in). Subsequently, a second crucible with
either 300 or 600 mg of sublimated sulfur was loaded 10 inches upstream so that it lay outside
the furnace walls. With all the contents in place, the tube was gently placed into the furnace such
that the molybdenum boat was at the center. After connecting the setup to an argon source, the
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tube was flushed of oxygen for 20 minutes with a 200 – 400 sccm flow of argon. Finally, during
the flush, a heating belt was wrapped around the tube segment containing the sulfur to act as an
independent heat source. The completed arrangement can be seen in Figure 1-7. A list of the
precursor materials used can be seen in Table 1.

Precursor Powder

Maker

Purity

Puratronic (Before sample 3-20)

99.9995%

Sigma-Aldrich (Sample 3-20 onwards)

>99.5%

Molybdenum (VI) Sulfide

Sigma-Aldrich

99%

Sodium Bromide (anhydrous, free flowing)

Sigma-Aldrich

>99%

Molybdenum (IV) Oxide

Sulfur (sublimated)
Alfa Aeser
Table 1-1: List of the precursor powders used for this project.

>99.5%

Figure 1-7: Schematic of the CVD system used in this project.

1.6.2 Characterization

Characterization is the most important part of any material synthesis. It is through this
step that functionality – or lack thereof - can be quantified and qualified. Characterization is
often performed in steps – samples go through basic assessments and if the results are promising,
more advanced evaluation is done. Here was no different; the first step was optical microscopy.
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Despite the atomic thinness of monolayer MoS2, the material absorbed enough light to provide
good optical contrast against the SiO2 background. An example can be seen in Figure 1-5. First,
a 10X objective was used to spot promising areas of the substrate. Considering how small the
relevant material features were (micron scale), a 50X magnification was then necessary to make
meaningful appraisals of sample quality. Periodically, representative images were captured and
saved for future viewing.
When suspected monolayer domains were found, a second characterization technique
was utilized. The microscope was switched to fluorescence mode and since monolayers have a
direct bandgap corresponding to red light (approximately 673 nm), they fluoresced under the
green light illuminating them. On the other hand, multilayers hardly fluoresced at all. The
emitted light went through a filter to generate a fluorescent image. These were also saved for
future viewing.
Raman spectroscopy is a valuable nondestructive evaluation technique that can provide
extensive information about a sample [2]. The system available in our lab was a combined
Raman-Photoluminescence spectrometer. Therefore, it was able to provide information about
chemical makeup and PL features. The excitation laser chosen was at 488 nm, which provided
the best PL spectra. MoS2 monolayers whose PL peaks were ≥50 times more intense than the
two primary Raman active modes (E12g and A1g) were arbitrarily considered optimized in regards
to criterion 3. However, Raman spectroscopy was performed infrequently due to time and
scheduling constraints. Therefore, the microscopy techniques provided the best comparisons
between samples.
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Chapter 2 Synthesis of MoS2 monolayers using MoO3 and Sulfur
Powders
In deciding on a direction for the project, seeding promoters were considered. Seeding
promoters consist of molecules that can act as nucleation centers for growth. An advantage is
that their addition can significantly reduce the necessary growth temperature and increase the
yield of monolayer MoS2 [13]. In an industrial setting, a lower growth temperature is preferable
because it is easier to control, maintain, and more suitable for temperature-sensitive substrates
and device structures. Even so, adding the seeding promoters introduces an additional parameter
to be studied, controlled, and optimized. Considering that fact alongside the benefits of building
a repertoire of successful synthesis techniques, we decided to optimize the MoO3 method without
any seeding promoters.
To begin with, the only precursors we used were MoO3 and sulfur powders. Our first task
was determining the initial synthesis conditions that would launch our investigations. The goal
was to establish as close a preliminary approximation of optimization as possible, given the
combined knowledge of literature and laboratory colleagues. As it so happened, the laboratory
had had some success in the past when using solely MoO3 and sulfur powders. However, an
unknown and unexpected change had occurred and the parameters no longer yielded samples of
adequate quality, despite repeated attempts. The same issue also provided the impetus for our
study into MoO3 and sulfur as precursors for MoS2 CVD.
In collaboration with Zhong Lin, a graduate student in the group, we decided on the
following initial conditions: 1 mg of MoO3, 300 mg of sulfur, a furnace temperature of 800°C, a
heating belt at 220°C, 15 sccm of argon flow, 4 face-down substrates as arranged in Figure 1-7,
and a growth time of 30 minutes.
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We chose 1 mg of MoO3 – the smallest amount we could accurately measure - because
Zhong Lin reported that larger amounts had previously provided too high a vapor flux at 800°C.
As for the sulfur, the 300 mg theoretically provided a sulfur rich atmosphere that would reduce
the MoO3 vapors into MoS2. We settled on the 15 sccm flow rate due to the fact it was in the
lower range of reported flow rates and slower flow is associated with greater crystalline quality.
The 30 minute growth time was a conservative decision, long enough for a significant amount of
material to be deposited. In regards to the growth temperature - which is especially important we adopted 800°C based on the group’s experience. The temperature had to be high enough for
relevant activation energy barriers to be easily overcome; otherwise, the MoO3 vapors would not
fully sulfurize.
The results of sample 1-1 (phase 1, sample 1) did not yield any evidence of monolayer
MoS2. Figure 2-1 presents representative images. Although we observed variations in
morphology on and between individual substrates, all of the deposited material was some
combination of particles and thick microplates. In general, the closer the substrate was to the
MoO3 source, the more particles grew. In contrast, the concentration of microplates was fairly
consistent. Upon inspection, the particles occasionally grew in neat rings. Although not direct
confirmation, it was evidence that the surface of the substrate was not homogenous when going
into the furnace, possibly due to contamination. The rings therefore suggested that improved
cleaning practices were worth pursuing for the sake of thoroughness.
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(a)

(b)

Figure 2-1: Typical morphologies for sample 1-1. The substrates had a mix of particles and
molybdenum oxysulfide microplates. (a) Microplates dominate (b) Particles dominate.

The sizes of the microplates did not usually go above 10 µm and nearly all of them were
rhomboidal or hexagonal. Comparing Figure 2-1 to Figure 2-2, there are distinct similarities. In
Figure 2-2 from reference [16], both the rhombuses and stretched hexagons were confirmed to be
molybdenum oxysulfide by Raman spectroscopy. It is also worth noting that MoO3 can form
rhomboidal MoO2 microplates or amorphous oxysulfides under a sulfurizing atmosphere [25,
26]. Using the aforementioned information, the shapes of the microplates indicated that they
were likely partially sulfurized MoO2 crystals. This was an unexpected result considering that
300 mg of sulfur was used at a relatively high temperature of 220°C (the sulfur was heated up
over the course of 5 minutes, ending 5 minutes after the furnace reached 800°C). With that much
sulfur, we originally expected complete sulfurization. One possibility was that the sulfur was
either introduced too late or too slowly, allowing sufficient time for the microplates to disrupt the
growth of MoS2.
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Figure 2-2: Molybdenum oxysulfide microplates. (a) rhombus microplates. (b) hexagonal and rhombus
microplates surrounded by triangular MoS2 crystals. Sourced from reference [16].

We observed an interesting change in morphology when looking at the intersection of the
boat edge and substrate surface; fewer particles grew, coverage was sparser, and the microplates
were more optically transparent and “fuzzier” around the edges. This can be seen in Figure 2-3.
The color and consistency of the fuzzy material was indicative of a highly polycrystalline MoS2
film, although we were only able to recognize it as such once we had grown MoS2 monolayers.
The confined space at that intersection was somehow able to suppress nucleation and promote
the growth of layered MoS2, possibly due to a change in flow dynamics, vapor pressure, and/or
chemical environment. Later in the project, we were able to apply that idea to enhance our
growths and advance the optimization.
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Figure 2-3: “Fuzzy” microplates covered and surrounded by suspected polycrystalline
monolayers. This morphology was observed only at the intersection of the substrate surface and
the precursor boat.

After that first growth, we decided to keep all the parameters the same except for the
temperature. We did syntheses at 650°C, 700°C, and 750°C as a check to make sure that 800°C
was the best temperature to choose. At 650°C, very little grew on the substrate except very fine
particles. At 700°C and 750°C, particles and microplates littered the surface of the substrates,
although their sizes were small and the coverage was dense. That outcome made sense because
nucleation is enhanced at lower temperatures, but the growth process is hindered. None of the
results suggested that they were any better options than 800°C, so we remained at that
temperature.
From the base point we established with the first growth, we altered relevant and
changeable parameters one at a time in order to search out the best results. We had control over
the following: growth temperature, growth time, furnace heating ramp, sulfur heating ramp, flow
rate, substrate placement, and precursor amount. One approach to the investigation would have
been creating a multidimensional matrix and doing a synthesis for each element, but that would
have been far too time intensive for this study. We chose instead to take a branching approach
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where we changed one parameter per synthesis and studied the effect it had. We then used the
observations to decide on the next parameter to modify. In that way, we were able to be both
methodical and efficient.
The next synthesis, we changed the amount of sulfur powder to 600 mg. Everything else
was kept the same: 800°C furnace, 220°C heating belt, 30 min growth time, 1 mg MoO3, and 15
sccm flow rate. The expectation was that the extra sulfur would enhance the reduction and
sulfurization of MoO3 vapors. Like the first attempt, there was no evidence of monolayer MoS2
growth. Representative images are shown in Figure 2-4. The center substrate was covered this
time in a continuous, granular film. The color of the film was most easily described as a speckled
white, gray, and black, with slight hints of blue; the film was suggestive of high-nucleation-rate
molybdenum oxysulfide growth. Substrates farther back had many microplates of varying shapes
(rhombuses, elongated hexagons, and pointed ellipses). It was clear that the increase in sulfur
precursor amount had limited impact on the growth, besides amplified nucleation.

(a)

(b)

Figure 2-4: Representative images of the synthesis with 600 mg S. (a) A thick,
continuous granular film, likely oxysulfide. The bare substrate can be seen at a scratch
made post-synthesis. (b) Microplates with varying shapes and sizes.
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The next two experiments we conducted involved maintaining the 600 mg of sulfur but
changing the flow rate during the synthesis. We used 15 sccm flow, followed by 50 sccm or 30
sccm once the sulfur reached maximum temperature. Our reasoning was that if slow and/or late
introduction of sulfur was the issue, a rapid increase in flow rate once sulfur began evaporating
in earnest would mitigate the problem. The growth with 50 sccm yielded almost no deposited
material, which was unexpected. We decided on trying 30 sccm and the results were very similar
to when we used 15 sccm the entire time. Based on that, we concluded something had gone
wrong during the 50 sccm synthesis. We also resolved that changing the flow rate mid-synthesis
did not help, but acknowledged that it was possible that we had not made dramatic enough of a
change to notice the differences.
To check that our synthesis procedures were not an issue, we performed one synthesis of
WS2. In contrast to the highly variable nature of monolayer MoS2 growth in our lab, the growth
of monolayer WS2 was much more reproducible. The precursor we used was WO3 powder, the
tungsten equivalent of MoO3. The powder was sandwiched between two substrates to
compensate for the high melting point and corresponding low vapor pressure of WO3. An optical
image and fluorescence image of the resulting growth can be seen in Figure 2-5. The strong
photoluminescence signal shows that the material in the fluorescent image is monolayer WS2.
Although the coverage of deposited material was low overall, the experiment did give credence
to the synthesis procedure. Far more importantly, the morphology on the substrate gave us an
idea to apply to the MoS2 CVD: the layered WS2 appeared exclusively adjacent to spots where
WO3 powder was in contact with the substrate surface. We resolved to closely check the
substrate onto which we placed MoO3 powders in future syntheses.
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(a)

(b)

Figure 2-5: Images of WS2 grown from WO3 powder. (a) Optical image (b) Fluorescence
image showing monolayers.

For the next MoS2 growth (sample 1-7), we returned to the variable-flow-rate experiment
setup for the sake of thoroughness: 15 sccm followed by 40 sccm. All the substrates were coated
in a film of small particles, decreasing in the density of coverage with increasing distance from
the powders. The only exception was the front substrate, which was covered in microplates of
suspected molybdenum oxysulfide. Using what we had observed in the WS2 synthesis, we
looked at the substrate holding the MoO3 powder (“powder substrate”). We indeed found growth
of monolayer MoS2 directly adjacent to the powder grains. We were able to confirm the identity
of the monolayers by using fluorescence microscopy to observe the intense photoluminescence.
Representative images can be viewed in Figure 2-6. The rest of the substrate was completely
covered in a dense film of particles and microplates.
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(a)

(b)

Figure 2-6: Growth of monolayer MoS2 around the MoO3 powder grains. (a) Optical image (b)
Fluorescence image showing monolayers.

After encountering the odd arrangement, we decided to go back to all the previous
samples and check them again. We found that the phenomena was abundant. On every sample,
we could find monolayer growth adjacent to MoO3 powder. Not all powder grains on a particular
sample had evidence of monolayer MoS2, but there were enough grains to be reasonably certain
we would find it. Occasionally, isolated domains appeared, but more frequently, there were films
of monolayer growth. The films were sometimes highly polycrystalline; other times the films
were minimally polycrystalline. Areas where multilayers started to develop appeared as dark
patches in the film under fluorescence microscopy. These results were the first step towards
optimization, even if they were not yet well understood and did not meet all the optimization
criteria.
The next synthesis, we decided to dramatically increase the amount of MoO3. We
reasoned that if the monolayer MoS2 grew in an environment with significant vapor pressure
from MoO3, then increasing the amount of MoO3 would expand the radius of growth (possibly
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even as far away as the substrates laying above the boat). We also returned to a steady flow rate
of 15 sccm. All else remained the same.
With these growth parameters, all of the top substrates were covered in a continuous
thick film of particles, microplates, and short rods. The bottom substrate that held the powders
produced similarly undesirable results: almost no monolayer MoS2 grew adjacent to the powder.
One notable exception is shown in Figure 2-7. Although not detectable in the black-and-white
optical image, the slightly off-color ovals around the particles were actually iridescent, like oil on
water. The circular sector in the bottom left corner was similarly iridescent. We believed the
iridescent sheen to be the result of melted MoO3. Although Raman spectroscopy was not
available at that time for confirmation, that conclusion made sense because the phenomena was
localized to the MoO3 powders and the melting point of MoO3 is 795°C. In addition,
orthorhombic MoO3 is optically transparent [27], which is a necessary condition.

(a)

(b)

Figure 2-7: Growth of MoS2 monolayers around MoO3 powder residue. (a) An optical image. The
various ovals are actually iridescent and the bottom left corner is covered by transparent material,
(possibly recrystallized MoO3). (b) Corresponding fluorescence image.
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In the lower left corner of the PL image of Figure 2-7, we were able to observe more
monolayer MoS2 underneath the transparent material. Assuming the conjecture of melted MoO3
was correct, then the fact that part of the monolayer MoS2 film was underneath it suggested that
the MoS2 grew early in the synthesis, before the powders reached maximum temperature of
800°C.
We did try another synthesis with 5 mg of MoO3 where we elevated the sulfur to
maximum temperature a minute before reaching the growth temperature, but the results were no
closer to optimization.
We decided next to return to 1 mg of MoO3 (sample 1-10), again opting to heat the sulfur
to maximum temperature a minute before reaching the growth temperature. Our expectation was
that introducing the sulfur earlier would force the MoO3 vapors to sulfurize completely before
they could promote the growth of MoO2 microplates. However, the substrates were covered to
varying degrees with a combination of short rods, particles, and amorphously shaped
microplates. The rods were likely MoS2 nano-rods that grow under kinetic growth conditions,
like those observed in the paper by Han S., et al. [14]. The amorphous shape of the microplates
suggested that they were made of molybdenum oxysulfide [26].
The observations indicated that while there was a greater degree of sulfurization, the new
parameters also promoted a high nucleation rate and kinetic growth conditions. One promising
aspect of the synthesis was slightly increased coverage of MoS2 adjacent to the MoO3 powder
grains. This can be seen in Figure 2-8. Even so, the monolayer domains were small, not isolated,
and disrupted by particles and microplates. Additionally, the coverage locations were random
and minimal compared to the size of the substrate.
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(a)

(b)

Figure 2-8: Growth of monolayer MoS2 around the MoO3 powder grains. (a) Optical image. (b) Fluorescence
image showing monolayers.

We performed the same synthesis at 700°C, but the substrates were covered in a thick
film of small particles and nowhere did any MoS2 grow. The results reinforced our confidence
that 800°C was the best temperature to choose.
The next synthesis (sample 1-12), we returned to an 800°C with the following
parameters: 600 mg sulfur at 300°C, maximum sulfur temperature 1 minute before maximum
furnace temperature, and 1 mg of MoO3. The increased sulfur temperature (up from 220°C)
seemed be a significant improvement. Most of the substrates were covered in particles, nanorods, and amorphous microplates; however, there was a large patch of monolayer MoS2 growth
on the back-most growth substrate. The patch was located at the intersection of the boat and the
substrate surface. Figure 2-9 shows optical and PL images from that region. Scratches on the
substrate could be seen around and underneath the monolayers; these likely served as nucleation
centers for MoS2 growth.
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(a)

(b)

(c)

(d)

Figure 2-9: A single area of monolayer MoS2 on the back substrate. The region of growth was
localized to the boat-substrate intersection. (a) Optical image at 10X magnification (b) Fluorescence
image at 10X magnification (c) Optical image at 50X magnification (d) Fluorescence image at 50X
magnification.

The powder substrate also had enhanced MoS2 growth; a few large powder grains
supported comparatively extensive growth of MoS2. The monolayer domains that were present,
although usually contiguous, were much larger than in previous syntheses. The overall quality
was diminished by particles disturbing the crystal structure, but it was a significant improvement.
Figure 2-10 shows a representative image.
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(a)

(b)

Figure 2-10: An area of MoS2 monolayers adjacent to MoO3 powder grains. The domain sizes were larger than
in previous syntheses. Particles disruptions were still an issue. (a) Optical image (b) Corresponding
fluorescence image.

The compilation of all the syntheses made it clear that things as minor as the way the
powder fell onto the surface could determine how/whether MoS2 would grow around the MoO3
grains. At this point, we began to consider alternative CVD methods; many of the optimization
criteria did not seem like they could be met without some dramatic changes. There were almost
no single crystals with edge length ≥20 µm, the area coverage was minimal, and the
reproducibility and consistency were inadequate. Additionally, most domains of MoS2 were
disrupted by particles or microplates, which are not conducive to device fabrication.
Furthermore, very few isolated domains were observed; isolated domains are usually easier to
work with in application.
Despite performing numerous other syntheses, across a wide range of parameters, we
were unable to find any remedy to the issues previously mentioned. Overall, our best sample was
sample 1-12 as seen in Figures 2-10. Table 2-1 shows the full scope of the conditions we
evaluated.
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Sulfur [mg]
Minimum 300
Maximum 1000

MoO3 [mg] Flow rate
[sccm]
1
15
5
200

Growth
Temp. [°C]
650
850

Growth
Time [min]
10
30

Sulfur Temp.
[°C]
180
300

Table 2-1: The full range of synthesis parameters investigation. Not every combination was tested,
but experiments covered key points throughout the phase space.

At the end of phase 1, we performed Raman and Photoluminescence spectroscopy on
representative samples in order to gain a more complete understanding of the CVD process.
Figure 2-11 shows the Raman spectra from a microplate and an MoS2 monolayer found on the
powder substrate. Comparing the data to Figure 2-12 from reference [25], it was clear that the
MoS2 was indeed MoS2. Additionally, it was confirmed that the microplates had MoO2 and
MoS2 peaks, which validated our assumption that the plates were partially sulfurized MoO2
crystals.
A1g

Si

E12g

Figure 2-11: Raman spectra of an MoS2 monolayer and large microplate. The MoS2
(E12g and A1g) and Silicon (Si) peaks are listed.
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Figure 2-12: Raman spectra of MoS2, MoO2, and MoS2 on top of MoO2. Sourced from
reference [25].

Although the Raman data elucidated the chemical composition of morphological features,
it did not reveal a way to meet the optimization criteria using the current CVD method. After
carefully considering feasible alternatives, we decided to utilize a mixed molybdenum precursor:
MoS2 and MoO3 powder.
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Chapter 3 Effects of MoO3, MoS2, and Sulfur on the Synthesis of
MoS2 Monolayers
Along with CVD, another bottom up approach to create TMDs is physical vapor
deposition (PVD). The working principle of PVD is simple: a pure condensed matter source is
evaporated (usually under vacuum) and allowed to re-condense on the growth substrate. No
chemical reaction is involved, which is what separates this process from CVD. Despite the
difference in mechanism, the same system we used for CVD was also suitable for PVD; the only
change necessary was loading a high-purity TMD powder. Before the start of phase 1, multiple
PVD syntheses were performed. Because the setup did not incorporate any vacuum pumps, the
technique was performed at ambient pressure. Bearing in mind the high melting point of bulk
MoS2 at standard pressure (1185°C), the growth substrate had to be in contact with the precursor
for any substantial growth to occur at 800°C. Additionally, the vapor pressure was elevated by
sandwiching the powder between two substrates. The PVD method provided monolayers of good
quality, although the coverage was low and the domain size usually below 20 µm.
We reconsidered the PVD method to find inspiration when the first phase of the project
was unable to meet the optimization needs. We had observed in CVD that the complete
sulfurization of MoO3 vapors was an issue as indicated by the presence of oxysulfide
microplates. Along with the appearance of a very high nucleation rate, this seemed to suggest
that excessive MoO3 vapor pressure was partially the problem.
The high nucleation rate of CVD contrasted with the very low nucleation rate of the PVD
method. We devised a hybrid CVD-PVD experiment that we thought would highlight the
strengths of each method. We abandoned the substrates on top of the boat in favor of a sandwich
structure of two substrates. Inbetween the SiO2 growth surfaces, we placed 1 mg of MoO3 and
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covered that with 5 mg of fine MoS2 powder. The temperatures was fixed at 800°C for the
furnace and 300°C for the sulfur. We set the growth time to 30 minutes.
Our expectation for sample 2-1 was that the MoS2 powder cover would play two roles: (1)

it would suppress the mass transport of MoO3 vapors to the upper substrate in the sandwich,
thereby reducing the nucleation rate (2) it would help chemically reduce the vapors to produce
MoS2. What we found on the sample was unexpected. Places where the MoS2 powder was in
direct contact with either substrate were essentially bare once the excess MoS2 powder was
shaken off. Everywhere else was covered in a continuous film composed of microplates,
particles, nano-rods, and polycrystalline multilayer MoS2. Figure 3-1 illustrates the general
appearance of the film.

(a)

(b)

Figure 3-1: The continuous film of microplates, particles, nano-rods, and polycrystalline MoS2 covering
most of the substrate. (a) Optical image of the continuous film. A bare patch is shown for reference. Scale
bar is 20 µm. (b) A full-color optical image of molybdenum oxysulfide rectangular domains from
reference [15].

An important part of the sample was the transition from continuous film to bare areas.
The prevalence of microplates dropped off; polycrystalline MoS2 and particles dominated.
Moving further inwards, thin, continuous monolayer rings appeared. Isolated MoS2 domains
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frequently popped up adjacent to or near the monolayer ring. Figure 3-2 shows a couple excellent
fluorescence images to clarify the change in morphology.

(a)

(b)

Figure 3-2: Fluorescence images of the MoS2 domains growing around the perimeter of bare patches of substrate.
Isolated domains give way to polycrystalline monolayer films, which give way to non-photoluminescent films of
various material features.

It is easy to see in Figure 3-2 that the monolayer domains nucleated from seeds, which
show up as black dots (the effect is enhanced by multilayers ringing the seed). Likely, the seeds
were composed of the core-shell structure laid out in the paper by Ling X, et al. [13]. The
arrangement of the substrate indicated that the seeds were a product of the MoO3 precursor and
not the MoS2 powder; the seed particles did not penetrate far into the MoS2 powder areas. A
reasonable conclusion is that the MoS2 powder did suppress the mass transport of MoO3-xSy
species. The local environment in the sheltered areas would thus have had much fewer
oxysulfide clusters to act as heterogeneous nucleation sites, thereby drastically reducing the
nucleation. Without nucleation, there was no growth and the surface was left bare.
On the whole, this approach produced a drastic improvement towards optimization. There
were many isolated monolayer domains with edge lengths approaching 20 µm. Additionally, the
coverage was much higher than when we were using only MoO3 powders (though still unable to
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fulfill optimization criteria (4)). The PL intensity was moderate, although not quite bright enough
to warrant Raman spectroscopy. Reproducibility and consistency remained to be seen.
The next synthesis we performed was a repeat, except that we abandoned the top
substrate of the sandwich structure. We still utilized 1 mg of MoO3 and 5 mg of MoS2 on top.
Figure 3-3 shows a diagram.

Figure 3-3: The general CVD schematic for phase 2 of the project.

The sample was qualitatively very similar. Obviously, the way the powders were lain
down on the surface affected the size, placement, and distribution of bare spots. Still, the same
type of morphology was present: a shift from a continuous film of mixed materials, to a
polycrystalline film of layered MoS2, to a continuous monolayer film, to isolated domains, to
bare substrate. The result was good evidence of the reproducibility of the technique.
Our next step was to investigate how the precursor amounts affected the samples. We
reduced the amount of MoS2 powder to 2.5 mg in the following growth (sample 2-3) to see
whether there were any qualitative changes in the sample. The coverage on the substrate was
slightly better than the previous synthesis. That is not to say that the presence of monolayer
growth was more spread out on the substrate; the monolayers only grew along the perimeters of
bare patches. Additionally, the placement and perimeter length of those patches were
nondeterministic because of their intimate connection to powder distribution. However, the
width of monolayer growth along the perimeters did seem to improve on average. The increased
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width also corresponded to more isolated MoS2 domains. The results illustrated that the greater
MoO3 to MoS2 precursor ratio allowed for a seemingly deeper penetration of MoO3 vapors into
the sheltered zones. Figure 3-4 illustrates the typical findings. Despite the increased average
coverage, there were two noteworthy declines: firstly, the best growth on the sample was worse
than the best growth when using 5 mg of MoS2. Secondly, as is apparent in the images, there
were very significant variations in the PL intensity on and between MoS2 domains.

(a)

(b)

Figure 3-4: Optical and fluorescent images at the perimeter of bare zone sheltered by MoS2 powder. There were
significant variation in PL intensity. (a) Optical image. (b) Fluorescence image.

In Figure 3-4, it is hard to see any real pattern to the differences in PL intensity.
However, a pattern did eventually emerge. Figure 3-5 is especially helpful in demonstrating the
concept: the relative PL intensity increased when the monolayers had greater exposure to the
MoO3 vapors. In this case, the PL intensity corresponded to the PL quantum yield (QY). The
variation was an unexpected result, but made more sense with context. Firstly, there can be many
orders of magnitude difference in the QY, depending on the material quality: the QY of samples
presented in reference [8] ranged from 0.02% to over 30%. Secondly, we were using two
different powders that employed separate growth mechanisms. By applying both to the substrate
(unmixed), we created heterogeneous local environments. Thusly, the ensuing monolayers also
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had heterogeneous characteristics: the isolated domains – which grew closer to the MoS2 powder
source – had significantly lowered PL QY. Considering that the isolated domains were more
desirable for application, the trend adversely affected optimization.

Figure 3-5: The PL intensity was positively correlated with distance from the bare substrate region

We additionally probed the sample 2-3 with Raman and Photoluminescence
microscopy. The data from one of the triangles we investigated is shown in Figure 3-6. The
Raman spectrum clarifies that the material is monolayer MoS2; the PL spectrum shows that this
particular triangle has a high ratio (>30) of PL peak intensity to Raman peak intensity (circled in
red). We were forced to use a 514 nm laser here, which has the undesirable of effect of creating
waves in the PL spectrum.
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Figure 3-7: The Raman and PL spectra of a single triangle from sample 2-3. The Raman confirms monolayer MoS2.
The PL is wavy due to the 514 nm laser used. The triangle possesses a high ratio (>30) of PL peak intensity to
Raman peak intensity (circled in red). INSET: optical image of the triangle and laser spot. Scale bar is 10 µm.

We performed another synthesis using the same parameters so that we could confirm the
reproducibility. The trends on the substrate were very similar. Figure 3-7 shows some
fluorescence images.

(a)

(b)

Figure 3-6: Repeat synthesis demonstrating good reproducibility. The PL intensity was positively
correlated with distance from the bare-substrate region.

In sample 2-1, we used 5 mg of MoS2 powder. Then we halved that to 2.5 mg in sample
2-3. We next halved that again to 1.3 mg (the balance we were using did not have enough
precision to measure hundredths of milligrams). We wanted to see at what point the growth
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started to resemble a synthesis using only MoO3 powder. It was clear that using 1.3 mg of MoS2
crossed into that territory. In general, the bare patches took up much less total area due to the
highly dispersed MoS2 powders; there simply was not enough to shield much area. Additionally,
the transition from continuous film to bare substrate was very abrupt. Therefore, isolated
domains were small and scarce along the existing perimeters. Often, there would be no indication
of any monolayer growth; instead, sparse particles would penetrate slightly into the bare zone.
Figure 3-8 illustrates the prevailing trend. Since the new parameters did not improve sample
quality, we decided to return to using 2.5 mg of MoS2 powder.

(a)

(b)

Figure 3-8: The sample created with 1.3 mg of MoS2 powder had little indication of monolayer
growth; the transition from continuous film to bare substrate was relatively abrupt. Particles were
more common for the sample.

We experimented with some other parameter changes, including temperature
modifications. In one instance, we decreased the growth temperature to 775°C. We also tested a
reduced maximum sulfur temperature of 250° and 220°C. Although there was always some
indication of monolayer growth, the changes did not provide any noticeable improvement in
overall sample quality.
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For sample 2-12, we altered the precursor amount to 2 mg of MoO3 and 2.5 mg of MoS2.
We knew from previous syntheses that any less MoS2 powder would not be adequate to cover a
reasonable portion of the surface. Therefore, increasing the MoO3 amount was the only viable
way to investigate a larger ratio of MoO3 to MoS2 precursors. The portions of the substrate that
were not covered by MoS2 powder had thick deposits of material, as expected. The boundary
region - where monolayers normally formed - promoted growth of some large domains in the
vicinity of 20 µm. Most domains were contiguous though, especially the larger ones.
Additionally, adlayers were often visible; they showed up on the fluorescent images as dark
triangles within the crystal domain. Separately, there was a noticeable spike in the number of star
shaped films on the substrate. The star films were characterized by monolayer spikes emanating
from a central site. It was impossible to tell whether the increase was attributable to the new
parameters or the random layout of the powders.
A lingering question was how the boundary between the bare substrate and continuous
film developed. To that end, we did a synthesis where we cut down the growth time from 30
minutes to 10 minutes. We maintained the previous parameters of 1 mg of MoO3 and 2.5 mg of
MoS2, 800°C growth temperature, and 300°C sulfur temperature. The sample was an
improvement over previous versions, with a wide transition region of monolayer MoS2. The
domain sizes of single crystals were relatively small (usually ≤ 10 µm), but the coverage was
good. Unexpectedly, the PL variations were much more extreme than in any other sample. The
lowest intensity areas were still positioned closer to the center of the bare zones. Figure 3-9
shows some fluorescence images of the growth; the brightness was enhanced to make the low
intensity PL regions visible.
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(a)

(b)

Figure 3-9: Extreme disparity in PL intensity. The change from very bright to very dim is abrupt.
Proximity to MoS2 powder grains is associated with low intensity.

Surveying all the previous syntheses, the capabilities of the PVD-CVD method were
limited by low overall coverage, small domain size, large disparities in PL intensity, low
numbers of isolated domains, and a dependency on the placement of powders. To try to work
around the issues, we needed to be able to grow MoS2 in a homogenous environment away from
the precursor powders. We knew from experience that the vapors from MoS2 powder did not
carry far at 800°C, so we decided to finely grind the precursors together in the hope that the mix
would have emergent properties. In order to maximize our chances of finding growth, we also
placed a substrate at an angle in the boat, one edge touching the bottom; the surface of the
substrate thus ranged from adjacent to the precursor to even with the top of the boat.
We utilized 5:1, 2:1, 1:1, and 1:2 ratios of MoS2 to MoO3 precursor. In none of the cases
did any MoS2 grow. Most of the deposited material was in the form of particles, especially at the
larger ratios of MoS2 to MoO3. The failure of this updated technique to produce the desired
morphology was the impetus for the next phase of the project. The method we transitioned to
was another mixed-material precursor: MoO3 and halide salts.
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Chapter 4 Enhanced yields of MoS2 monolayers using MoO3, Halide
Salts, and Sulfur powders
In order to improve upon the method of using MoO3 and MoS2 powders (phase 2), we
decided to utilize a mixture of halide salts and MoO3 powder as the molybdenum source in phase
3. The basis for adding the halide salt precursor came from a paper by Li S, et al. [21]. In the
work, they experimented with various alkali metal halide salts (MX where M=Na, K and X=Cl,
Br, I) as growth promoters for APCVD production of WS2 and WSe2. WO2.9 served as the
tungsten source; but tungsten oxide (WO2.9 or WO3) has a prohibitively high sublimation
temperature that makes it difficult to use as a precursor [21]. Therefore, without the added salt,
they were unable to grow any material using WO2.9 at 850°C unless the powder was in direct
contact with the substrate. When the salts were added, growth could occur away from the
powders at temperatures as low as 700°C.
By optimizing the precursor amounts, growth temperature, and type of halide salt, the
authors were able to create high coverage, high quality, and large-domain-size samples. The
biggest single crystals had edge lengths up to 140 µm. The optimal growth temperature depended
on the choice of alkali metal halide; the higher its melting point, the higher the optimal growth
temperature. The authors were also able to confirm through X-ray photoelectron spectroscopy
(XPS) and Energy-dispersive X-ray spectroscopy (EDX) that their samples were free of
contamination from the alkali metal or the halide. The mechanism they proposed was the in-situ
formation of volatile tungsten oxyhalide intermediates. Figure 4-1 from reference [21] outlines
the morphological results of the article.
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Figure 4-1: Optical microscopy images of tungsten TMD monolayers grown using halide-assisted APCVD. The
relevant information is shown at the top of each image in the following format: TMD type, halide-salt promoter –
growth temperature °C. Sourced from reference [21].

Although Li S., et al. did not use MoO3 in their paper, we concluded that adding a halide
salt to the precursor was worth investigating. The method had already proved successful in the
Terrones Group lab for the formation of WS2; a graduate student group member named Tianyi
Zhang had utilized NaBr and WO3 to create large WS2 single crystals. We collaborated with him
throughout the course of phase 3.
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The conditions we settled on for the first synthesis were as follows: 1 mg of MoO3, 4
NaBr crystals, 300 mg of S, 15 sccm Ar flow rate, maximum sulfur temperature of 220°C, and
growth temperature of 800°C. The growth substrates were suspended on the boat above the
precursors. Figure 4-2 shows a diagram of the setup. The reason why the NaBr was measured in
terms of number of crystals was because we did not have a balance with the necessary precision
and accuracy. For later syntheses, we were able to obtain access to a microbalance and identify
the NaBr precursor weights. The 4 crystals used in the experiment corresponded to ~ 0.4-0.6 mg;
the approximation holds because all the NaBr crystals were of similar mass.

Figure 4-2: The generalized CVD schematic for phase 3 of the
project.

The results of the synthesis (sample 3-1) were very promising. Although there were no
monolayer domains on the powder substrate or the back substrate, the substrate directly overtop
the precursors (“center substrate”) had numerous areas of monolayer growth. The leading edge
of it was covered in thick growth of what appeared to be bulk MoS2: the color of the thinner
areas had the bluish and white tints of multilayer MoS2 while the thicker crystals possessed
distinct triangular and hexagonal shapes. Further back, a continuous film of multilayer MoS2
developed, disrupted by rhomboidal microplates and particles. Towards the back edge, the
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surface contained sparse particles and microplates with polycrystalline MoS2 films ringing them.
Figure 4-3 shows the three types of morphology mentioned.

(a)

(b)

(c)

Figure 4-3: The typical morphology along the length of the center substrate. (a) Front edge: thick crystals and
polycrystalline films of suspected MoS2 (b) Middle: multilayer MoS2 growing around microplates (c) Back
edge: sparse particles and microplates ringed with polycrystalline MoS2.

The characteristics of the growth changed at the intersection of the boat and substrate
surface. Here, monolayer MoS2 triangles formed regularly. The monolayers grew in the spaces
between and around polycrystalline MoS2 films. Triangle sizes ranged from a couple microns to
slightly over 20 µm. This was the first instance of moderate-coverage isolated domains of MoS2.
The PL intensities of the isolated triangles varied significantly, sometimes on the triangle itself.
The tendency was for the highest intensity to be located towards the middle of the triangle, at the
edge of the triangle, or both. Furthermore, the transition from one PL intensity to another was
very abrupt, reminiscent of the variations observed in the PVD-CVD method. Figure 4-4
illustrates the morphology at the boat-substrate intersection. Although not shown, the highest PL
intensities were frequently located in the monolayer regions of MoS2 films, as opposed to the
isolated domains.
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(a)

(b)

Figure 4-4: The typical morphology at the boat-substrate intersection on the center substrate. (a) Optical image of the
polycrystalline films and isolated monolayers. (b) Corresponding fluorescence image.

The powder substrate was completely covered in a thick film, leaving no room for any
monolayer growth. The film was composed of a dense packing of bulk MoS2 crystals,
microplates, particles, and nano-rods. In contrast, the back substrate had sparse coverage, with
the dominant feature being microplates surrounded by polycrystalline MoS2 films.
For the next experiment (sample 3-2), we decided to try a higher flow rate of argon gas.
Specifically, we chose 45 sccm. The increase was mostly in response to the fact that when Tianyi
Zhang grew WS2 using NaBr, he used a high flow rate of 150 sccm. Sample 3-2 was different
from the previous one in a couple respects. Firstly, the surface of the back substrate had a
covering of fine particles, though it was still dominated by the presence of microplates ringed by
polycrystalline films. Secondly, the front substrate supported a film of small and densely packed
microplates, nano-rods, polycrystalline films, and particles.
The zone at the boat-substrate intersection once again allowed isolated monolayers to
grow, but the morphology was qualitatively distinct from the previous synthesis. Firstly, there
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were larger zones of isolated domain growth. Secondly, the PL of the triangles was locally much
more consistent. Figure 4-5 shows images of extensive growth of isolated triangular domains.

(a)

(b)

(c)

(d)

Figure 4-5: Extensive growth of isolated MoS2 monolayer triangles at the boat-substrate intersection. (a) Optical
image of many small triangles (b) Corresponding fluorescence image (c) Larger MoS2 triangles with uniform PL (d)
Corresponding fluorescence image.

Considering how dramatically the addition of halide salt improved the results of MoO3
CVD, we decided to increase the amount of NaBr for the next synthesis. Keeping all else the
same, we added 12 NaBr crystals (roughly 1.2-1.8 mg). The domain sizes of crystals did increase
significantly at the boat-substrate intersection. However, it came at the price of sample quality;
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the monolayers, although optically unchanged, had extremely reduced PL intensity. Figure 4-6
displays optical images highlighting the findings. Only by using an extremely long exposure time
were fluorescence images distinguishable.

(a)

(b)

Figure 4-6: Optical images showing MoS2 triangles grown using 12 crystals of NaBr. The edge length is
slightly higher than in previous syntheses. However, the PL intensity was very low.

Another problem was the ubiquitous presence of a yellowish film at spots that would
otherwise have been bare. Since the film only appeared in conjunction with the greater NaBr
quantity, we concluded that it was a form of contamination. The contamination got worse with
decreasing distance to the precursor powders. Occasionally, a cluster of material appeared in
view and around it, the yellowish film thickened and took on an iridescent quality. Any
triangular domains in the vicinity had traces of the film on their surface. Figure 4-7 illustrates the
issue. Due to the significant problems observed as a result of the increase in NaBr, we returned
to using 4 crystals.
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Figure 4-7: A cluster of material with an iridescent sheen around it. The yellowish
film is more noticeable in the vicinity of the cluster and it even encroaches onto the
monolayer surfaces.

We went back and repeated the growth parameters for sample 3-2 twice with similar
results. Our findings demonstrated reproducibility, but the use of inexact NaBr quantities made it
difficult to fully assess the reproducibility. To fix the problem, we obtained access to a
microbalance that was accurate for small masses and precise to a hundredth of a milligram. For
the next synthesis (sample 3-5), we used 0.3 mg of NaBr. We held all other parameter the same.
The growth results were similar to previous iterations. We investigated the triangles in this
sample with Raman and photoluminescence spectroscopy. Considering the large number of
domains to choose from, we selected and probed representative monolayers across the sample.
Figure 4-8 shows the Raman spectra of two triangles. The corresponding PL spectra illustrate the
wide range for the ratio of PL intensity to Raman-active-mode intensity. In general, the ratio was
between 3 and 10. However, the ratio went as low as 2 and as high as 250. Domains with a ratio
above 50 fit the optimization criterion regarding PL intensity.
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(a)

(b)

(c)

(d)

Figure 4-8: Raman and PL spectra of triangles synthesized with MoO3 and NaBr precursors. (a) The Raman
spectrum of the triangle 1, confirming monolayer status. INSET: Optical image of triangle 1, scale bar 10 µm. (b)
The PL spectrum of triangle 1, with a PL-Raman ratio of ~250 (c) Raman spectrum of monolayer triangle 2 (d) PL
spectrum of triangle 2, with a PL-Raman ratio of ~2.5.

For a later synthesis we performed (sample 3-6), we increased the flow rate to 75 sccm.
Considering that the increase to 45 sccm ameliorated the sample quality, the jump to 75 sccm
was a reasonable step. There were a few important observed differences. Firstly, the triangle
sizes increased somewhat; many achieved an edge length of 30 µm, with some up to about 50
µm. Secondly, the local PL intensity varied significantly once again. We chose to keep the 75
sccm flow rate for subsequent syntheses due to the domain size increase.
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Over the next few months, we experimented with various parameter changes. One change
that proved useful was abandoning the back substrate and using a single large center substrate.
This maximized the area of growth at the boat-substrate interface. Briefly, we also changed out
the alkali metal halide to NaCl. Despite a slight increase in the average and maximum triangle
edge lengths, the contamination issue worsened and PL intensity was negatively impacted. Thus,
we reverted to using NaBr. An additional parameter we investigated was growth temperature.
When we ramped up to 850°C, substrate contamination was exacerbated and triangle size
decreased. However, upon decreasing to 750°C, monolayer MoS2 grew on large portions of the
substrate, beyond the boat-substrate intersection. The triangle sizes also increased to an average
of around 50-60 µm. When we lowered the temperature to 700°C though, no monolayers grew at
all and very little material deposited on the substrate besides particles.
Besides decreasing the growth temperature to 750°C, the largest improvement resulted
from utilizing a new bottle of MoO3 powder. For sample 3-19, we changed our MoO3 source to
Sigma-Aldrich, ≥99.5%. We immediately noticed an increase in monolayer yield, domain size,
and PL intensity. The reason for the dramatic change was likely the decreased age of the powder
[24] and the alternate manufacturer.
Finally, with sample 3-20 we observed a dramatic increase in the quality. We utilized the
following parameters for the creation of sample 3-20: 1 mg of MoO3, 0.3 mg NaBr, 300 mg of S,
sulfur temperature of 190°C, growth temperature of 750°C, and a growth time of 10 minutes. The
leading edge of the growth substrate had extensive growth of multilayer MoS2 with embedded
particles and microplates. However, the back half of the substrate was covered in hundreds of
large, isolated monolayer triangles. The size of the triangles regularly topped 100 µm, with one
triangle achieving an edge length of just over 200 µm. The PL intensity of the triangles varied,
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but most triangles had a moderate intensity (enough to warrant PL spectroscopy). Figure 4-9
shows some of the largest triangles from the substrate. Overall, the sample was able to meet all
of the optimization criteria, excepting number five since it was the first attempt. Even so, the
reproducibility and consistency of results up to that point suggested that the fifth criterion would
be met without difficulty.

(a)

(b)

Figure 4-9: Two of the largest triangles from sample 3-20. The PL intensity was not high, but it
appeared promising enough for investigation. (a) The largest triangle on the substrate, with an edge
length above 200 µm. (b) A large triangle with no indication of adlayers.

Had we been able to perform multiple repeat syntheses, the project would have been
completely successful. However, the extraordinary synthesis that produced sample 3-20
happened to occur just days before an intense increase in humidity in the lab. The humidity got
so high that exposing the halide salt to air for even a single minute would cause it to become
laden with water. For TMDs, the presence of water during the synthesis reaction is known to
significantly impact the outcome; not only can it change the behavior of the precursors, but it can
also contribute to oxide impurities and incomplete sulfurization [23]. In our case, the humidity
increase in the lab was enough to reduce the yield and size of monolayer domains drastically.
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However, the exact material interactions responsible for the change were too complicated to
assess as part of this project.
The first repeat synthesis we attempted occurred while the humidity was still
manageable, so the results were promising, although less so. The largest domains were slightly
above 100 µm with most domains around 80 µm. However, the next repeat was impacted by the
full effects of the increased humidity. The sizes of the monolayers fell to 30-50 µm for most
triangles. Additionally, the coverage on the substrate dropped by a factor of over two and the
best areas of growth were once again relegated to the boat-substrate intersection. Further repeat
attempts had similar issues, sometimes to an even greater extent.
We scrutinized every detail of the procedure for differences that could cause the poor
growth results, but nothing had changed except the humidity. Once we were certain that water
vapor was the problem, we tried all manner of experiment to ameliorate the syntheses. The
easiest fix would obviously have been to reduce the humidity, but the lack of control systems in
the building made that impossible. We instead tried desiccating the powders before placing them
into the tube. Nevertheless, the time necessary to load the powders was longer than it took for the
hydroscopic NaBr to saturate with water. Since desiccating the powders was not enough to
alleviate the problem, we included a pre-bake step in the heating ramps of the furnace and belt.
The goal was to vaporize the water and allow it to move out of the system, but in practice the
results of the synthesis did not improve towards optimization.
Over the course of the next two months, we tried increasing the growth temperature,
changing the amounts of the precursors, altering the flow rate, utilizing a mixed-flow-rate
procedure, varying the pre-bake temperature, and combinations of all of these. Nothing worked
with consistency. Occasionally, a particular synthesis would show improvement, but repeat
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attempts regressed. The humidity issue persisted until the end of the research period for this
project.
It is also worth noting that the longevity of samples created using the alkali metal halide
approach was short if they were not stored properly. We discovered this when we went back to
check on sample 3-20. We had previously loaded it into a vacuum chamber with desiccants. In
the same sample dish that held the growth substrate, we also left the power substrate. A month
and a half later, the quality was severely degraded. The monolayer domains had tears and
wrinkles in them and appeared to be contaminated in some way. The fluorescence images made
the damage even clearer. Figure 4-10 displays representative fluorescence images.

(a)

(b)

(c)

Figure 4-10: Degradation of sample 3-20. After a month and a half in a vacuum box, the monolayers
showed cracks and tears. Additionally, the PL became blotchy and spotted.
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Although the exact cause of the degradation is unknown, our hypothesis is that NaBr
residue could promote the hydrolysis and etching of the MoS2. The fact that the desiccants in the
vacuum box turned out to be completely saturated lends credence to that conclusion. To
minimize the potential for sample degradation, the growth substrate should be washed, stored in
a vacuum chamber with fresh desiccants, and kept alone in a sample dish.
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Chapter 5 Conclusion and Future Work
5.1 Conclusion

The goal of this research was to optimize the APCVD process for MoS2 using an MoO3
powder precursor. No seeding promoters were used. The optimization goals were as follows: (1)
synthesis of monolayer domains (2) single crystals with edge lengths exceeding 20 µm (3)
substantial photoluminescence as determined by fluorescence imaging (4) coverage extending
over a large fraction of the substrate (5) reproducible and consistent results from syntheses.
The project was split into three distinct phases, each with their own precursor
requirements. The first of the phases involved using only MoO3 powder and sulfur. Although
growth of high quality monolayers had been reported in literature using these two precursors, we
were unable to replicate those results. This was not surprising considering that CVD is a
sensitive technique [21] and each lab has different equipment, materials, and procedures. The
general morphology obtained as a result of the syntheses can be described as mixtures of
oxysulfide microplates, particles, polycrystalline MoS2 films, and nano-rods. The density and
sizes of features varied depending on the conditions.
Infrequently and unpredictably, monolayer MoS2 domains appeared along the boatsubstrate intersection. In contrast, monolayer single-crystal domains of MoS2 would frequently
develop adjacent to the MoO3 powder grains on the bottom substrate. The sizes of the MoS2
domains hardly ever exceeded 20 µm and their structures were frequently disturbed by large
particles. Additionally, most domains grew contiguously, meaning that very few isolated
domains could be found. The one aspect that met optimization standards was the PL intensity.
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Even so, it was clear that the technique was not viable as an optimized synthesis method for
MoS2. We moved on to the second phase of the project to pursue a more promising technique.
The second phase utilized a combined PVD-CVD method where both MoS2 and MoO3
powders were precursors. In general, we used 1 mg of MoO3 and 2.5 mg of MoS2. The powders
were loaded separately, creating heterogeneous local environments on the substrate. Growth of
MoS2 monolayers occurred along the perimeter of MoS2 powder grains. There, a transition
occurred from a continuous coating of partially sulfurized material, to monolayer MoS2 films, to
isolated domains, to bare substrate. The PL intensity of the monolayers varied with position;
areas farther from the bare substrate had higher PL. The differences were likely a result of the
heterogeneous growth environment that the mixed precursor facilitated. Although MoS2 domain
sizes generally did not exceed 20 µm, the coverage and reproducibility of results dramatically
improved compared to phase one. Even so, the CVD-PVD method was not able to meet the
optimization criteria.
The final phase of the project was characterized by the use of MoO3 and NaBr. The
inspiration for the change came from a paper detailing the benefits of using alkali metal halide
salt in the synthesis of WS2 [21]. By applying the same technique to the synthesis of MoS2, we
were able to grow monolayer MoS2 triangles on a substrate away from the precursor powders.
Initially, the growth only occurred at the boat-substrate intersection but the domain sizes were
larger than in any previous phase. Starting from domain sizes no larger than 30 µm, we were able
to increase the edge lengths to above 100 µm and as large as 200 µm. The best growth occurred
at a temperature of 750°C, sulfur temperature of 190°C, and flow rate of 75 sccm Ar. The
samples created using the halide-assisted technique initially appeared to meet all the
requirements of optimization. However, a spike in humidity in the lab proved that the
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reproducibility and consistency were unsatisfactory without proper environmental controls.
Additionally, the longevity of samples was very short unless proper precautions were taken.
It is clear that among all the methods tested, the best CVD samples when produced when
NaBr was used in conjunction with MoO3. Although the technique was close to reaching
optimization, further work needs to be done to accomplish that goal.

5.2 Future Work
The first task that will need to be completed is finalizing optimization. The best way to
do that would be either to install humidity-controlling equipment or to find a controlled way to
remove water vapor from the CVD system. In that regard, a vacuum pump system would be
helpful. Another option would be to measure the humidity and limit syntheses to times when the
humidity remains below a certain value. Once the humidity can be controlled or worked around,
repeat syntheses will need to be performed to confirm that sample 3-20 (triangle edge lengths up
to 200 µm) is reproducible. The final step will be to probe samples with the combined Ramanphotoluminescence spectrometer. An average value greater than 50 is desired for the ratio
between PL intensity and Raman-active mode intensity; if that criterion is met, optimization will
be complete.
Once optimized samples can be produced, there are numerous potential uses for them in
application. Many labs, including the Terrones Group lab, utilize MoS2 to create device
structures for proof-of-concept work. Potential applications include transistors, photodetectors,
light-emitting devices, photovoltaic converters, gas sensors, and desalination, to name a few [2].
In fact, some of the samples created using the halide salt approach have already been utilized for
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a long-term project; as part of a collaboration between the Terrones Group and researchers at
UPenn, MoS2 has been investigated as a potential desalination membrane.
To create the desalination devices, as-grown monolayer domains are transferred to a
window in a silicon substrate. The suspended region of the crystal is then treated using a focused
ion beam (FIB). The result of the irradiation is the creation of many pores; the size and density of
the pores depends on the FIB conditions. Completed devices can then be used to perform
desalination experiments. Figure 5-1 displays a schematic of the fabrication process, courtesy of
Tianyi Zhang. Figure 5-2 displays the optical and fluorescence image of a transferred monolayer,
also courtesy of Tianyi Zhang. The monolayer in the image was synthesized by the NaBr-MoO3
CVD method as part of this optimization project.

Figure 5-1: Schematic of the fabrication process for an MoS2 desalination
membrane. The monolayer is lain on the window and irradiated to create nanopores. Created by Tianyi Zhang.
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Figure 5-2: Microscopy images of an MoS2 desalination device. (a)
Optical image (b) Fluorescence image. Taken by Tianyi Zhang
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