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Abstract
Ultrathin films of two-dimensional materials have attracted attention in the past decade due to
the unique properties they display in comparison to their bulk counterparts. While research of
these materials focused for many years upon investigations into the properties and processing of
graphene, attention has now begun to shift towards examination of other two dimensional
material systems, including hexagonal boron nitride (h-BN) and the transition metal
dichalcogenide (TMD) compounds. These compounds possess a wide range of optical,
electrical, thermal, and chemical properties that make them intriguing for use in many
applications ranging tunneling field effect transistors (TFETs) to hydrogen evolution catalysts.
Tungsten diselenide (WSe2) has recently become of particular interest due to its many
technologically advantageous properties including a direct band gap in the visible spectrum,
modest carrier mobility, high degree of thermal anisotropy, and catalytic properties.
Unfortunately, a method capable of producing WSe2 in the form of large-scale, uniform films of
controllable thickness remains undiscovered, making commercialization of WSe2 currently
impossible.
The purpose of this thesis is to explore the possibility of producing wafer-scale films of WSe2
using methods involving oxygen-selenium exchange mechanisms. WSe2 films were synthesized
using several different techniques including a batch cold-wall reactor process involving reaction
of elemental selenium with a tungsten oxide (WOx) film deposited by thermal evaporation onto
sapphire (Al2O3) and silicon dioxide (Si/SiO2) substrates, a continuous hot-wall process capable
of supplying a continuous selenium overpressure, a cold-wall reactor process using reaction
between WOx and the metal organic precursor dimethyl selenide (DMSe), and a reaction process
between elemental selenium and the metal organic tungsten hexacarbonyl (W(CO)6). Studies of
the role of selenium overpressure, reaction temperature, system pressure, heat treatment,
substrate, and treatment of the oxide film were conducted to gain an understanding of the role of
different experimental variables on film growth. Films were characterized through the use of
Raman spectroscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and x-ray photoelectron spectroscopy (XPS). Using
the batch synthesis process it was found that WSe2 could be obtained under a number of
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experimental conditions, however best results were obtained at elevated pressures and
temperatures near 750 °C (the maximum system temperature), with low hydrogen to nitrogen
carrier gas ratios. Contrary to previous reports in literature, it was found possible to generate
WSe2 films even without the presence of hydrogen. Based on cross-sectional TEM imaging and
discrepancies between sample results, the process was deemed too unreproducible for practical
use and unable to fully selenize the tungsten oxide due to the departure of the selenium vapor
over time. Synthesis using the hot-wall reactor process revealed films synthesized at
temperatures up to 900 °C were capable of producing WSe2, however open raising system
temperature to 1050 °C no WSe2 Raman spectra was detected of the film, placing a limit on
maximum processing temperature. Pressures near 10 Torr were found to produce superior films
than those generated at 100 Torr, suggesting the improvement at higher pressure found for the
batch process was due to reduced depletion of selenium with time rather than film growth
thermodynamics. Low concentrations of hydrogen to argon or nitrogen gas were again found to
produce optimal film growth results. Cross-sectional TEM revealed full selenization of the
deposited oxide films, however an amorphous interlayer was found between the WSe2 film and
sapphire substrate, suggesting damage of the substrate by prolonged exposure of selenium and
possible formation of aluminum selenide. Synthesis using DMSe exposure over WOx films
reveled the metal-organic could be successfully used to generate carbon-free films at pressures
near 10 Torr and temperatures as high as 800 °C, with low hydrogen concentrations again being
found optimal for growth of films. Studies of prolonged exposure of films to selenium vapor
revealed no increase in grain size, suggesting grain growth was limited by the concentration of
WOx present in the system. Activation of DMSe at temperatures near 500 °C was found to
greatly improve film roughness and morphology, suggesting a selenium overpressure serves to
prevent delamination of WOx films as tungsten oxide is known to participate in evaporationcondensation growth mechanisms. Atomically-smooth, wafer-scale films of WSe2 were obtained
by this method and the hot-wall selenization methods, however the grain size of the films was
found to be on the order of several hundred nanometers in both cases. Use of rapid thermal
annealing treatments on the oxide films was found to produce films of increased grain size, as
well as improve film uniformity, highlighting that final film morphology was controlled by the
morphology of the oxide prior to selenization, and suggesting little to no solid-state diffusion of
tungsten atoms within the films. Furthermore, film thickness of WSe2 was found to be controlles
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by the thickness of the deposited oxide film, allowing for deposition of WSe2 films of thickness
2 nm and greater. Using these treatments, heterostructures of directly-grown WSe2 on epitaxial
graphene and hexagonal boron nitride were demonstrated for the first time, with results
indicating a clean interface between the epitaxial graphene and WSe2 film and AFM showing
van der Waal’s epitaxy between the WSe2 film and epitaxial graphene or h-BN substrates.
Finally, reaction of W(CO)6 with selenium was determined to be a promising synthesis route for
development of WSe2 films, although the batch nature of the process used in the study made the
process incapable of producing the ultrathin films desired.
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CHAPTER 1 – INTRODUCTION
1.1 Motivation
Though the existence of layered material compounds such as graphite has been known and by xray diffraction studies for nearly a century 1, research into two-dimensional material compounds
has experienced rapidly increasing interest over the past decade following the successful
isolation of single graphite sheets, known as graphene, by Novoselov and Geim in 2004 2. While
many of graphene’s properties and its existence had already been determined by previous
research studies, 3,4,5 the low cost and ease of replication of the synthesis process conducted by
Novoselov and Geim allowed for non-complicated study of the material. Studies of graphene
quickly revealed that the material displayed a large number of extraordinary properties including
the existence of the quantum hall effect 6,7, electron effective masses approaching zero 8, and a
high thermal conductivity near 5∙103 W/mK. 9 This sparked interest in the synthesis and
properties of other two dimensional materials, as the properties of mono-layers of these materials
were predicted and later verified to differ substantially from bulk properties. Detailed studies
into the isolation of single to few layers of these other materials began with micromechanical
exfoliation by Novoselov et al., in which single-layers of several materials including the
transition metal dichalcogenide (TMD) compounds molybdenum disulfide (MoS2) and niobium
diselenide (NbSe2) as well as hexagonal boron nitride (h-BN) were isolated and examined using
several techniques including atomic force microscopy (AFM) and electric field effect
measurements 10. While a large number of two-dimensional materials have been synthesized or
are theorized to exist, research into single or few-layer compounds of these materials has been
focused upon three main classes or materials: graphene-based materials, h-BN based materials,
and TMD materials. Layered oxides, such as TiO2 11 and LiCoO2 based compounds 12,13, and
others 14 have begun to be investigated for uses such as battery applications; however, studies of
the physical properties of few layers of these oxides have been relatively sparse. Currently,
attention of the two-dimensional materials community has become focused on the TMD
compounds due to their wide range of properties and high potential for use in a number of
technological applications 15,16.
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Research on the processing and properties of TMD compounds has been concentrated on MoS2
films due to the comparative ease of their synthesis and processing 16. MoS2 has allowed for
successful demonstration of many of the theoretical properties expected of few to monolayer
dichalcogenide materials; however, theoretical and experimental studies of other dichalcogenide
compounds show that MoS2 is a sub-optimal choice in comparison to other TMD compounds for
many electronic17, optoelectronic18, and thermal applications 19. As such, research work has
begun to shift to synthesis of few-layers of other TMD compounds. Because of its many
outstanding properties, tungsten diselenide (WSe2) has attracted a great deal of attention for use
in a wide number of applications ranging from photocatalysis for hydrogen generation via water
splitting20 to tunneling field effect transistors (TFETs)21. Significant research was devoted in the
1980’s to development of thin films of WSe2 for photovoltaic applications due to its excellent
band gap in the range of 1-2 eV in the bulk 22; however, little attention was placed on ultrathin
films of WSe2 only several nanometers in thickness. Development of a method which could
produce large-area WSe2 films of controllable thickness would be a significant asset to the
development of TMD-based applications that could enable widespread commercialization and
use of this promising material.
1.2 Two-Dimensional Material Families
Applications and research into WSe2 have been largely driven by the possibility of its integration
with other two-dimensional materials for the development of heterostructure devices, particularly
those using WSe2 with other TMD materials, graphene, and h-BN. Therefore, it is worthwhile to
review the properties of these three materials systems in order to understand the expected roles
of each materials class in future engineering applications with WSe2.
1.2.1 Graphene
Graphene differs from other two dimensional materials as it is the only elemental layered
material to show stability under ambient conditions. Graphene consists of sp2 hybridized carbon
atoms arranged in a repeating hexagonal structure measuring only one atom in thickness 23. An
example of the graphene structure taken from Zhu et al. is shown in Figure 1-1 below.
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Figure 1-1: Drawing of the atomic structure of graphene showing sp2 hybridization. a1 and
a2 demonstrate reciprocal lattice vector directions

24

.

Films or flakes of pure graphene are generally divided into three separate classifications based
upon the number of atomic layers of graphene that have been stacked together. These consist of
monolayer graphene, bilayer graphene, and multilayer graphene, although this last category can
generally be considered the same as highly-ordered graphite 25,26. These designations are a result
of the large differences in the properties of graphene with respect to material thickness, as
increasing thickness from single to many layers shifts graphene from performing as a material
with extremely high mobilities near 10,000 cm2/Vs in practical electronic devices and several
unique device physics 27 to bulk graphene of even higher mobility but possibly without the
presence of symmetry-dependent phenomena, depending upon the stacking of the graphene
sheets 28.
Unlike many other two-dimensional materials, the sp2 bonding of all atoms within the graphene
sheet dictates that in addition to the σ bonding between neighboring carbon atoms, pure graphene
possesses a non-restricted p orbital bond oriented perpendicular to the covalently bonded carbon
atoms 29. This bond allows for the functionalization of graphene with many different elemental
groups, such as hydrogen in what is known as quasi-freestanding graphene 30 and fluorine in
fluorinated graphene 31. Carbon in the graphene sheet can also be substituted using elements
such as boron and nitrogen to form what are known as BCN compounds 32,33. Perhaps most
significantly, graphene can be functionalized with hydroxyl and other oxygen-containing
functional groups to form a large class of chemical compounds known as graphene oxide 34,35.
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This rich chemistry allows for the possibility of tuning graphene’s electronic and optoelectronic
properties in order to attain desired qualities different from that of pristine graphene.
1.2.2 Hexagonal Boron Nitride
While it possesses the same P63/mmc symmetry as graphene and is often referred to as “white
graphene”, h-BN displays substantially different electrical, optical, and chemical properties from
its graphene counterpart. h-BN consists of alternating sp2 bonded nitrogen and boron atoms
arranged in a hexagonal pattern isostructural with that of graphene 36. As an insulator with a
band gap of approximately 5.9 eV, h-BN is of interest as a dielectric material for graphene-based
electronic devices, since its lattice mismatch with graphene is a mere 1.6%, making the
formation of high-quality h-BN/graphene lateral heterostructures readily possible 37.
Furthermore, h-BN is a highly chemically inert material without the presence of dangling bonds
such as those seen in graphene, making the formation of interface trap effects between h-BN and
other materials negligible 37. In addition, due to its inertness, h-BN is of interest as a possible
protective coating against oxidation of other two-dimensional materials such as graphene 38.
Several heterostructures involving h-BN and other two dimensional materials have been reported
in literature. Thus far the majority of h-BN heterostructures have consisted of h-BN/graphene
composites with varying types ranging from structures formed by in-plane domain substitution of
graphene in h-BN 39,40 to those generated by vertical stacking of graphene and boron nitride
layers 41,42. Heterostructures of h-BN with other two dimensional materials have only recently
begun to emerge, including in a tunneling transistor application using vertically stacked layers of
h-BN and MoS2 43, and with MoS2 and graphene in memory devices 44.
1.2.3 Transition Metal Dichalcogenides
Due to the large number of material combinations available in this class of compounds, TMDs
offer a high possibility of integration into a large number of electronic device applications based
upon two-dimensional materials 45. Approximately 40 different layered TMD compounds are
believed to exist and are based upon combinations of the transition metal and chalcogen elements
shown in Figure 1-2.
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Figure 1-2: Elements known to produce layered TMD structures 16.
Unlike graphene or h-BN, TMD compounds have layers more than one atom in thickness, with
each layer in a TMD compound possessing three covalently bonded atoms 15. TMDs conform to
a MX2 stoichiometry, where M represents a transition metal such as tungsten or molybdenum
and X represents a chalcogenide atom such as sulfur 15. The various different repeat-layer
structures possible in TMD materials are shown in Figure 1-3.

Figure 1-3: Possible repeat layer structures of transition metal dichalcogenide compounds,
the 2H hexagonal symmetry, 3R rhombohedral symmetry, and 1T tetrahedral symmetry
possible in these materials. X atoms are chalcogenides, M atoms transition metals 15.
TMD compounds display a range of different conductivities, ranging from direct-bandgap
semiconductors in the case of compounds such as 2H-MoS2 and 2H-SnS246,47, to superconductors
displaying metallic conductivity in the case of materials such as 2H-TaS2 48. Like graphene and
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h-BN, TMD compounds show a number of thickness dependent properties, including transitions
from direct to indirect band gap behavior upon thinning from multi to few-layer films for several
dichalcogenide compounds including MoS2 and WS2 49. Different polytypes of TMD
compounds can display different properties from each other as well. For instance, the magnetic
properties of vanadium disulfide (VS2) vary greatly depending upon the phase of the material,
with the 1T polymorph displaying a magnetic moment of approximately 0.31 μB while the 2H
phase displays a magnetic moment of approximately 1 μB 50. Furthermore, TMD properties can
be altered through alloying techniques by performing substitutional doping on either the cation
or anion site in the material. Successful WxMo1-xS2 alloying has been demonstrated in work
performed by Dumcenco et al. and Chen et al. who found full miscibility for all alloy
compositions 51,52. Studies by Chen et al. revealed variation of alloy band gap with respect to
material composition, as well as a difference in band-gap shifting behavior as material thickness
was increased as shown in Figure 1-4. WxMo1-xSe2 alloying was also recently demonstrated by
Tongay et al. using physical vapor transport (PVT) techniques which displayed similar
photoluminescence and band-gap shifting trending as that seen by Chen 53.

Figure 1-4: Structure of W0.5Mo0.5S2 alloy (a) and resulting thickness-dependent band gap
shifting (b). Modified from 51.
Alloying on the anion site was also theoretically predicted by Komsa and Krashninnikov using
density functional theory calculations and further validated using cluster theory by Kang et al
55

54,

. Recently this alloying was demonstrated for the ternary alloy MoS1-xSex by Gong et al. using

a combination of sulfur and selenium powder to deposit flakes containing various levels of
doping onto SiO2 substrates, which demonstrated band gap movement from 1.85 (the bandgap of
MoS2) to 1.54 (the bandgap of MoSe2) eV with increasing selenium concentration 56. A study by
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Su et al. also investigated this alloy system showing the possibility of selenizing CVD grown
monolayer MoS2 using a flow of selenium vapor in a reactor system 57.
1.3 Synthesis of Transition Metal Dichalcogenide Thin Films
Many different methods can be used to successfully synthesize thick films of atomically layered
materials; however, the desire to take advantage of the thickness-dependent properties of these
materials requires that synthesis be able to produce materials of extremely small thicknesses, on
the order of several nanometers. This requirement places severe restrictions on the synthesis
techniques available for generating these materials. These techniques can largely be grouped
into the categories of exfoliation, solution-phase synthesis, physical vapor deposition (PVD),
chemical vapor deposition (CVD), and chalcogen substitution. Other novel techniques such as
nanotube unzipping have also been demonstrated for atomic layer synthesis 58; however, the
application of these techniques has been limited to extremely few studies, and therefore they will
be discussed only briefly.
1.3.1 Exfoliation Techniques
Exfoliation techniques involve the removal/cleavage of few layers of a bulk atomic layered
material in order to produce few-layer films of the material. Exfoliation was one of the first
techniques used for producing single atomic layers of material, and was the technique used by
Novoselov and Geim to isolate single layers of graphene in their Nobel prize winning work in
2004 2.
1.3.1.1 Micromechanical Exfoliation
Micromechanical exfoliation uses mechanical force as the mechanism by which layers are
removed from the bulk compound. Traditionally micromechanical exfoliation is performed
through what is known as the scotch tape method in which scotch tape is applied to a previously
synthesized flake of material and then peeled away. A cartoon of this process is shown in
Figure 1-5.
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Figure 1-5: Demonstration of the micromechanical exfoliation process. a.) scotch tape is
applied to many-layered graphite flake b.) scotch tape is peeled away from the flake,
removing a few layers of material c.) scotch tape is placed on desired deposition substrate
d.) scotch tape is peeled back/removed leaving behind few layers of material on substrate 59.
Due to the electrostatic attraction between the adhesive located on the tape and the van der Waals
bonded material, a few layers of material are peeled away with the tape. These layers can then be
removed from the tape using a solvent such as acetone or by application of the tape to the surface
of any desired substrate 60. Films produced using micromechanical exfoliation are often higher
quality than materials produced using large-area growth methods, as exfoliation from singlecrystal bulk materials results in the deposition of single-crystal flakes 61. The process possesses
the further advantage of being easily applicable to any atomic-layer material system since it
requires no lengthy optimization of parameters such as sample temperature or pressure in order
to be successful. It is therefore a widely used technique for research into the physics and
properties of single-crystal atomic layer materials since exfoliated materials can be placed onto
any substrate including those featuring previously lithographically patterned device structures.
However, micromechanical exfoliation offers little in the way of control of the atomic layer size
or thickness and frequently leaves behind residue on the deposited flake that must be removed in
order to obtain accurate material measurements 62. Most significantly, micromechanical
exfoliation is not capable of producing large-area atomic layers, making commercialization of
the process impractical 61.
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1.3.1.2 Solution Based Exfoliation
Solvent and Surfactant Exfoliation
Separation of atomic layers of material from bulk samples can also be accomplished using
solution based methods, in which solvents or other molecular species are used to split apart bulk
materials into thin nanosheets of material. Solution-based exfoliation is generally quite simple,
as thick flakes of material are placed into a desired solvent solution and then ultrasonicated 63.
Exfoliation using this technique has been performed for a wide variety of materials including
TMDs such as MoS2 and WS2, h-BN, and graphene from graphite flakes 45,64,65. Exfoliation can
be conducted using either surfactant liquid solutions 66 or solvent solutions 45. Solvent selection
is critical for most solution-based exfoliation methods in order to prevent agglomeration of
sheets following ultrasonication, as solvents must be selected that have surface energy similar to
that of the nanosheet being exfoliated 45. Polymers have also been found possible for use as
stabilizing agents in the exfoliation of transition metal dichalcogenide atoms, as demonstrated in
work by May et al. in which a wide variety of polymers were used to stabilize exfoliated sheets
of graphene, h-BN, and MoS2 67. Materials in exfoliated solutions can then be drop-cast or spincoated onto desired substrates and dried in order to produce thin films of these materials. An
illustration of this process and the ion intercalation process is shown in Figure 1-6 below.

Figure 1-6: Summary of solvent exfoliation techniques including a.) ion intercalation, b.)
solvent exfoliation 63.
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1.3.1.2.1 Ion Intercalation Exfoliation
In addition to solvent and surfactant methods, atomic layers can be separated by intercalating
ions in the van der Waals gaps existing between sheets. Ion intercalation actually predates
mechanical exfoliation and was used by Joensen et al. in 1986 to successfully isolate single
layers of MoS2

68

. Due to their small size, lithium ions are often used as the intercalating ion

species by introduction of lithium using highly reactive metal organic species such as butyllithium. Distilled water is then introduced into the solution, resulting in a violent reaction that
produces large amounts of gas which serve to separate the dichalcogenide nanosheets 69.
1.3.2 Solution Synthesis Techniques
Solution-based methods make use of aqueous reactions in order to synthesize chalcogenide
compounds on substrates. As any precursor compounds containing a transition metal or a
chalcogenide are potentially usable for synthesis, the number of possible reaction mechanisms
for TMD formation is beyond the possibility of full exploration and study; however, the desire to
keep deposited films free of impurity compounds such as carbon and oxygen places restrictions
on reagents practical for use. Generally, solution synthesis methods either make use of aqueous
reactions between source precursors or the decomposition of a single-source precursor deposited
onto a substrate.
1.3.2.1 Precursor Reaction
Common precursor reaction methods for TMD compounds make use of hexacarbonyl precursors
such as W(CO)6 and Mo(CO)6 or chloride precursor WCl4 or MoCl5 reacted with a simple
chalcogene source such as elemental selenium or H2Se 70. In most studies, solution phase
synthesis has focused upon the production of nanoparticles of chalcogenide materials, including
work by et al. which passed H2Se gas through a complex organic solution containg WCl4 71, and
Duphil et al. by reacting Se with W(CO)6 in a xylene solution for several hours. Antunez et al.
demonstrated synthesis of nanosheets of WSe2 through the reaction of WCl4 with di-tert-butyl
diselenide at elevated temperature for several hours, which upon annealing at elevated
temperatures were found to display relatively high conductivity values of approximately 92
S∙cm-1 72. Unfortunately the small grain size of these sheets greatly limits their use for electronic
applications.
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A key component to many dichalcogenide deposition techniques is hydrazine, since it is a strong
reducing agent as well as an excellent solvent for a large number of metal organic precursors 73.
WS2 thin films have been prepared on glass by Hankare et al. using a combination of sodium
tungstate, hydrazine hydrate, and thiourea 74. MoSe2 thin films were prepared by reaction of
ammonium molybdate with sodium selenosulfate in hydrazine hydrate solution in another study
by Hankare et al.75, with mixed Mo1-xWxSe2 prepared using a combination of ammonium
tungstate and ammonium molybdate in an analogous reaction by Sathe et al. 76.
1.3.2.2 Decomposition of Single-Source Precursor
Large amounts of work have been performed on the development of single-source precursors
that can be used to deposit thin, continuous films of material by deposition of a precursorcontaining solution followed by annealing. Many such precursors exist, although generally they
can be grouped into several categories, including precursors that decompose by dimensional
reduction mechanisms such as [Ph4As]2[WSe(Se4)]2 for WSe2 deposition and (Et4N)2[Mo(Se4)]
for MoSe2 deposition 73. Decomposition of ammonium chalcogenide compounds such as
[(NH4)MoS4] have been successfully used to deposit thin films of dichalcogenide compounds
such as by Wang et al. 77 and Liu et al., who was able to obtain large-area and crystalline MoS2
films using a two-step thermolysis process as shown in Figure 1-7 78,79.

Figure 1-7: Process for deposition of MoS2 films onto sapphire and SiO2 substrates. The
procedure is typical for wet chemical synthesis methods, featuring deposition of a solution
onto a substrate followed by a thermal treatment procedure. Image modified from 78.
Dissolution of these precursors in solvent solutions is often difficult, and therefore research is
needed to produce alternative precursors that can be easily deposited. Ki et al. produced thin
films of MoS2 and WS2 using spin coating of (CH3NH3)2MS4 (M=Mo, W) dissolved in solutions
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of ethylene glycol and hydrazine respectively 80. The high solubility of these solutions compared
to ammonium thiomolybdate and ammonium thiotungstate suggest further precursor tuning
could lead to improved solution synthesis techniques for TMD films.
1.3.2.3 Electrodeposition
Electrodeposition techniques have also been investigated for production of TMD films.
Electrodeposition utilizes electrochemical reactions between a counter electrode and a precursor
solution with an applied potential to deposit thin films of material on a substrate 81.
Polycrystalline films of p-type WS2 were deposited onto glass substrates by Devadasan et al. 82
which displayed relatively high acceptor density in comparison to single crystal films but
displayed thicknesses suggesting the process is unsuitable for ultrathin film production. Thin
films of WSe2 were deposited by Gawale et al. using electrodeposition on FTO, however films
displayed a crystallite size of only approximately 23 nm with films being oriented perpendicular
to the substrate, making the technique unsuitable for desired few-layer electronic applications

83

.

Another study by Devadasan et al. revealed deposition of few-layer films of WSe2 was possible
by electrodeposition, however film morphology was found to be relatively poor, consisting of
domains a few hundred nanometers in size 84. Delphine et al. deposited thin films of WSe2 on
glass and titanium using a pulsed electrodepositon technique that displayed high crystallinity and
orientation, however few layer films were not synthesized by this technique 85. Patil
demonstrated electrodeposition of MoS2 using molybdenum trioxide and sodium thiosulfate 86.
Anand et al. deposited MoTe2 thin films using a H2MoO4 and TeO2 solution; the minimum film
thickness obtained was 780 nm 81. MoSe2 and WSe2 were similarly deposited in a series of
studies by Chandra et al. using H2MO4 (M= Mo, W) and SeO2 87, however, as with other cases,
film uniformity and stoichiometry were relatively poor for all obtained films.
1.3.3 Physical Vapor Deposition (PVD) Techniques
Sublimation or vaporization of solid-phase bulk transition metal dichalcogenide species can
allow for transport of gaseous species onto desired substrates, forming thin films of these
materials. Unlike CVD techniques, PVD techniques make use of direct transport of gaseous
species of bulk compounds of the material onto the substrate and generally do not involve the
reaction of gas-phase precursors on the substrate surface 88.
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1.3.3.1 Thermal Evaporation and Physical Vapor Transport (PVT)
Thermal evaporation techniques offer a similar advantage to solution-based exfoliation
techniques as they are capable of producing large areas of atomically layered films. The process
for both techniques is simple and straightforward, as it involves heating of a sample of material
using a heating source such as a resistive heater or electron beam in order to cause evaporation
and transport of material from the source location onto the desired substrate. This is generally
performed in a vacuum environment in order to reduce contamination and allow free transport of
evaporated species 88. Thermal evaporation has not been heavily explored for dichalcogenide
synthesis, with the only instance of its demonstration in work by Balendhran et al. in which
MoO2 and sulfur powders were simultaneously evaporated onto a substrate in order to produce
MoS2 films which were then mechanically exfoliated to produce thin films of these materials 89.
PVT is nearly identical to thermal evaporation, save that physical vapor transport makes use of a
carrier gas to transport vapors across a substrate surface while thermal evaporation uses no
carrier gas and instead places the substrate in a geometry that allows direct transport of material
to the substrate. Both techniques have the advantage over solution-based exfoliation techniques
of offering the potential for producing films of uniform thickness across an entire substrate
surface, making the technique more commercially viable for electronic and optoelectronic
applications requiring large areas of uniform film deposition. Physical vapor transport of TMD
and other layered species to form ultrathin films is possible, and has been demonstrated in
several instances including the growth of Bi2Se3 on graphene for topological insulator
applications by Kim et al.90 and the deposition of MoS2 onto SiO2 by Wu et al. 91. PVT was
recently used for the deposition of tungsten diselenide monolayers and few-layer sheets onto
sapphire substrates by Xu et al. 92 as shown in Figure 1-8.
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Figure 1-8: a.) Example of typical PVT setup. Source material is evaporated from a
ceramic boat and flown over a desired substrate under vacuum through use of a carrier gas
91

. b.) image of WSe2 triangles deposited on sapphire using physical vapor transport 92.

1.3.3.2 Sputtering
Sputtering techniques involve the deposition of material by bombarding a material target with
high-velocity ions to dislodge atoms of the target material for deposition onto a substrate 93.
Epitaxial growth using sputtering techniques is possible; however, layer-by-layer growth is often
quite difficult and introduces ionized gas impurities into the deposited film which can be
detrimental to film properties 94. Despite this, several studies have been performed
demonstrating the growth of TMD films of preferred orientations using the sputtering process,
largely for the purpose of lubricants and surface coatings on metals. Pulsed magnetron
sputtering was also used for the deposition of MoS2 oriented parallel to the surface of 440C steel,
though a high level of perpendicularly oriented MoS2 was still detected on the surface of these
deposited films 95. Work by Brunken et al. demonstrated deposition of highly-oriented, highlycrystalline WS2 films of micron grain sizes on chromium-coated silicon wafers that displayed
photoactive and electrical properties suitable for use in photovoltaic absorber layers, suggesting
the possibility of sputtered dichalcogenides for electronics applications 96. Sputtering has also
been used for the deposition of selenide films in work done by Bichsel et al. who demonstrated
deposition of MoSe2 films on quartz through r.f. magnetron sputtering

97

. Overall, growth of

ultrathin films of dichalcogenides compounds remains a largely unexplored area of research,
though the ease with which a sputtering process could be integrated with current silicon
complementary MOSFET (CMOS) technology makes it an intriguing process.
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1.3.3.3 Pulsed Laser Deposition (PLD)
In pulsed laser deposition, small quantities of material are ablated from a bulk material source
using a high energy laser source and then captured on the surface of a substrate, allowing for
highly controlled growth of thin films of many different types of materials. Due to the high level
of control available in the process, pulsed laser deposition has been successfully demonstrated
for layer-by-layer growth of several two dimensional material systems. Growth of graphene by
PLD has been demonstrated by several groups’ using ablation from a graphite target onto various
substrate materials 98,99. PLD has also been used for the deposition of MoS2 and other
dichalcogenide films for lubricant coatings on metallic substrates

100,101,102,103

. Deposition of

electronic-grade films of dichalcogenides from PLD remains a challenge and has not yet been
demonstrated by any research group.
1.3.4 Chemical Vapor Deposition (CVD) Techniques
Vapor deposition methods are the industry standard for the growth of a wide range of electronic
material systems including the deposition of thin films of III-V semiconductor compounds and
polysilicon. While similar in many ways to PVD techniques, CVD and ALD techniques employ
chemical reactions using gas-phase precursors to produce desired thin films on the substrate.
1.3.4.1 General Chemical Vapor Deposition
The most notable advantages of chemical vapor deposition processes compared to other
techniques are the high-purity and uniformity of deposited films, the processes’ inherent
scalability, and the high growth rates of the process compared to other vapor-phase techniques.
In chemical vapor deposition, a substrate material is placed into a reactor system, which is then
adjusted to a temperature and pressure favorable for reaction and deposition of the gaseous
precursors. Gas flow is commenced into the system, usually beginning with a mixture of nonprecursor gases such as hydrogen and nitrogen known as a carrier gas. Precursor gases are then
introduced at desired processing conditions, with film growth terminated once a desired
thickness of material has been obtained. Chemical vapor deposition has been shown capable of
producing an extraordinary number of different compounds, and provides a high degree of
control on final film properties by variance of the substrate temperature, gas composition and
flow rate, heating and cooling rates, and system pressure 104.
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1.3.4.1.1 Oxide-Dichalcogenide CVD
Chemical vapor deposition of dichalcogenide compounds has been demonstrated successfully for
growth of films with thicknesses ranging from monolayers to hundreds of nanometers in
thickness, all using a similar process involving gas-phase reaction of a transition metal oxide
with a dichalcogenide species. A cartoon of this process performed for the growth of WSe2
triangles is shown in Figure 1-9.

Figure 1-9: a.) Typical setup used for CVD growth of TMD compounds from transition
metal oxide powders. A ceramic boat containing the appropriate tranistion metal oxide
powder is placed in the center of the reactor hot zone while substrates used for deposition
are placed down stream at a lower tempeature. Chalcogenide vapor is generated from
thermal heating of a solid-phase source and carried into the reactor with a carrier gas.
This reacts with vapor generated from a transition metal oxide powder to form TMD
compounds which deposit on the surface of the desired substrates, forming thin films of the
material.
Chemical vapor deposition of MoS2 has been demonstrated on multiple occasions starting from
the early 90s, though a focus on growth of ultrathin films of the material has only recently been
explored 105. CVD growth of few-layer MoS2 was first performed by Lee et al. via gas-phase
reaction of MoO3 and sulfur powders to form MoS2 material which deposited on the surface of
substrates treated with a variety of “graphene-like” molecules which were shown to act as
nucleation sites for MoS2 growth 106. This was then followed by a study by Ling et al. which
demonstrated the ability for use of these nucleation seeds to grow MoS2 on a wide variety of
substrates including Au and graphene 107. The MoOx and S powder were also used by Ji et al. to
grow monolayers of MoS2 on mica and by Cheng et al. to grow MoS2 directly on SiO2/Si
substrates, studies which revealed that the substrate played a significant role on growth
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uniformity 108,109. Similar growth processes using WOx vapor reacted with chalcogenide
compounds were also performed by Zhang et al. to produce monolayer and few-layer WS2
triangles and Huang et al. to produce mono and few-layer WSe2 triangles on sapphire substrates
110,111

. MoSe2 growth was also demonstrated by Shaw et al. 112 and Wang et al.113 using similar

growth procedures. The size of these triangles was substantially larger than those produced
using other methods, on the order of tens of microns, offering CVD as one of the most promising
methods of large-area, few-layer dichalcogenide film growth.
1.3.4.1.2 Metal Organic CVD (MOCVD)
While methods using solely inorganic precursors offer the advantage of introducing fewer
undesired impurities into the reactor system, they frequently require high temperatures, making
them unsuitable for integration with current CMOS technology and relatively expensive. To
address these issues, processes using metal-organic (MO) precursors have been pioneered for the
growth of a wide range of other materials including III-V semiconductor compounds 114. MoS2
was grown at low temperatures of 110-350 °C by Cheon et al on quartz substrates using the
single-source precursor Mo(S-t-Bu)4, which produced films that showed low carbon
contamination but were amorphous and non-uniform, displaying poor electrical conductivities of
1 Ω-1cm-1 115. Work by Lee et al. demonstrated MoS2 deposition on stainless steel and SiO2
substrates using the reaction of H2S gas with the metal organic halide precursors MoCl5 and
MoF6, and also included calculations determining the expected gas-phase chemistry under a
variety of processing conditions 105. MoS2 and WS2 films have also been generated from the
reaction between their respective transition metal hexacarbonyl precursors and H2S gas in work
by Mun et al. 116 and Chung et al. which showed promising results for the growth of thin films
with c-axis orientations parallel to the substrate for the first 10 nm of growth, a necessary
orientation for electronic applications 117. Boscher et al. demonstrated synthesis of WSe2 films
on quartz using the precursors WCl6 and diethyl selenide at atmospheric pressure for
hydrophobic coating applications; however, similar studies performed on other dichalcogenides
films were found to display c-orientation crystals perpendicular to the quartz substrate 118.
Deposition of MoS2 using another metal organic precursor, tetrakis(diethyldithiocarbamato)molybdenum(IV) was demonstrated by McCain et al. on steel substrates using
aerosol assisted (AA)CVD at atmospheric pressure 119. Recently, reaction of MoCl5 with sulfur
powder by Yu et al. demonstrated synthesis of mono and few layer compounds, though grain
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sizes remain <1 micron 120. Overall, while many precursors and reaction processes have been
demonstrated for MOCVD of dichalcogenides, work for film synthesis for electronic
applications remains a largely unexplored area of research despite the low-temperature
processing advantage MOCVD offers over traditional CVD methods.
1.3.4.2 Atomic Layer Deposition(ALD)
While often using identical precursors to CVD processes, ALD processes demonstrate superior
control over the thickness of grown materials as they make use of self-terminating reactions. In
ALD, each reaction species is introduced onto the substrate in a sequential order, allowing true
layer-by- layer growth of materials over a large substrate area without the many possible
uniformity issues that can result from the continuous vapor flow used in CVD methods 121. WS2
growth on silicon was demonstrated by Scharft et al. using the reaction of WF6 with H2S, but
growth was found only possible by the pre-deposition of a thin ZnS layer on the substrate surface
122

. To this date, direct synthesis of TMDs using ALD has not yet been performed, though the

level of thickness control offered by the process makes it of interest for TMD film growth.
1.3.5 Chalcogenide Substitution
Tungsten, molybdenum, tantalum, and niobium are all refractory metals, displaying high
melting points in their pure forms, making synthesis of TMDs from these base materials
extremely difficult 123. As a result, processing is often accomplished through the use of oxide
powders of these materials, as appreciable vapor pressures can be produced from these powders
at significantly lower temperatures as was previously described for CVD processes. In addition
to CVD processes, heavy amounts of research have been dedicated to two-step processes in
which a transition metal oxide is deposited onto a desired substrate using a PVD technique and
then converted to a TMD through the use of a chalcogenide source. These techniques generally
feature the same advantages and disadvantages of PVD techniques, and can be thought of as an
extension of these processes with the addition of a post-deposition anneal.
A series of studies by Sadale et al. demonstrated that highly c-parallel oriented tungsten disulfide
films could be deposited onto quartz substrates by sputter and spray-coat depositions of WOx
followed by sulfurization through the use of thin metal interfacial layers 124–126. Cai et al. later
demonstrated formation of highly-crystalline, micron-sized hexagonal MoS2 flakes several
hundred nanometers in thickness through sulfurization of MoOx microbelts 127. Zhan et al. grew
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thin layers of MoS2 by depositing extremely thin films of molybdenum on Si/SiO2 substrates
using electron beam evaporation of them and then reacting the Mo films with sulfur vapor in a
horizontal tube furnace 128. Lin et al. demonstrated wafer-scale synthesis of few layer MoS2
using a two-step thermal annealing process in which MoOx films deposited by thermal
evaporation were first sulfurized under the flow of hydrogen and then annealed under high sulfur
vapor at elevated temperatures to produce highly-crystalline MoS2 films129. Amani used a twostep process in which MoOx nanoribbons were synthesized using a hydrothermal synthesis
method and then deposited onto a Si/SiO2 substrate which were converted to MoS2 in a
horizontal tube furnace using sulfur powder 130. Wang et al. performed a similar process using
chemical vapor transport to deposit MoO2 crystals a few nanometers of thickness on Si/SiO2
substrates which were then sulfurized using sulfur powder 131. Gutiérrez et al. were able to
synthesize monolayer WS2 triangles several microns in size displaying extreme
photoluminescence properties using sulfurization of WOx, while a following study by Elías et al.
demonstrated large-area synthesis of ultra-thin WS2 films as well as WxMo1-xS2 hybrid materials
132,133

. Similarly, mono to few-layer, large-area WS2 films were generated by Song et al. by

sulfurizing WO3 films deposited on Si/SiO2 using atomic layer deposition 134. Although the
oxygen content of the samples prior to sulfurization was unknown, Lee et al. demonstrated
controllable growth of MoS2 films by flowing H2S gas over molybdenum films deposited by ebeam onto SiO2 substrates 135.
Far fewer studies of replacement synthesis using the chalcogens Se and Te have been performed,
most likely due to the increased cost and toxicity of these materials. Salitra et al. generated
WSe2 films through selenization of evaporated WOx deposited on quartz and nickel-coated
quartz substrates; however, films were found to display a high degree of texture variation and
discontinuity 136. Formation of molybdenum selenide by selenization of MoOx compounds has
also been found to be relatively difficult, with Duchatelet et al. actually exploiting the resistance
of MoO2 to selenization to prevent selenization of molybdenum used for contacting of
Cu(In,Ga)Se2 solar cells 137. Kong and Wang et al. were able to demonstrate formation of WSe2
and MoSe2 compounds by reaction of selenium with evaporated molybdenum films deposited on
both thin films and nanowires 138,139. Transformation of a MoTe2 films formed by DC sputtering
into MoO3 was also demonstrated by Bernéde et al., showing TMD to transition metal oxide
conversion to be also possible 140. Overall, synthesis of c-parallel textured films on insulating
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substrates such as Si/SiO2, quartz, and sapphire using selenium and tellurium substitution
remains a challenging and largely unexplored area of research.
1.4 Properties and Applications of Few-Layer Tungsten Diselenide
WSe2 is an exceptional material, featuring properties well suited for a large range of applications.
Synthesis and characterization of the material in its few and monolayer forms has only recently
begun, and therefore knowledge of many of the properties and uses of WSe2 have not yet been
experimentally realized. A summary of current knowledge and research into applications of
WSe2 is provided below.
1.4.1 Structure of WSe2
As mentioned previously, tungsten diselenide displays a hexagonal van der Waal’s bonded
layered structure typical for group-VI transition metal dichalcogenide compounds 141. As a
tungsten containing compound with a d-orbital electron count of two, tungsten atoms prefer to
occupy a 6-coordination, trigonal prismatic geometry as shown in Figure 1-10 16.

Figure 1-10: Crystal structure of WSe2 displaying 2H polytype142
Depending upon preparation method, lattice parameters of WSe2 vary, although typical lattice
parameters are found to be approximately a= 3.27 Å and c= 12.95 Å respectively 143,144,145,146.
Unlike many other dichalcogenide compounds such as MoS2, whose polytypes have been heavily
investigated, only the 2H polytype of WSe2 (A-B-A-B-A stacking sequence) has been generally
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noted in literature 118. Despite the lack of reports of other polytypes of this material, Agarwal et
al. and Patel et al. indicate low stacking fault energies in WSe2 of through the measurement of
dislocation ribbons suggesting easy formation of other WSe2 polytypes 147,148. X-ray studies by
Agarwal et al. also indicated the presence of other polytypes of WSe2, although these were not
thoroughly investigated or explored 148. WSe2 is the only known room-temperature crystalline
stoichiometry of the W-Se compound system, although the formation of a metastable, amorphous
WSe3 phase has been produced in several studies through the decomposition of (NH4)WSe4
149,150

. TEM work by Sproul et al. studying the effects of cold working and annealing of WSe2

single crystals suggested the presence of an additional hexagonal phase within the W-Se system
of W3Se4, though this has not been seen in other research studies 151.
Van der Waal’s forces binding WSe2 sheets in the 2H structure have been calculated to be
slightly larger than 20 meV/Å2, similar to that displayed by many other TMD selenides such as
MoSe2 and TaSe2, but larger than that of 2H-WS2 or 2H-WTe2 as shown in Figure 1-11 152.
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Figure 1-11: Calculated binding energies of various TMD compounds 152.
The high surface energy of these sheets suggests the need for solvents featuring large surfacetension values in order to produce high-yield, solution-phase exfoliation of WSe2, implying only
a few solvents such as ethylene glycol will be capable of exfoliating flakes of the material 45,153.
Defects in few-layer WSe2 and other TMD systems have been rarely studied experimentally,
with little data available for frequency or effect of defects such as grain boundaries, vacancies, or
dislocations in WSe2 atomic layers. An image of a variety of possible defect structures in
dichalcogenide sheets is shown in Figure 1-12.

- 22 -

Figure 1-12: Various types of defects in single dichalcogenide sheets A.) point defects B.)
line defects C.) grain boundary defects. Modified from 154.
1.4.1.1 Point Defects (Vacancies)
Of the various defect classes, point defects in dichalcogenides have been the most explored,
though they have primarily been investigated through the use of first-principles calculations to
understand their effect on various dichalcogenide properties. While cation vacancies are
possible, anion vacancies (S, Se, Te) are the primary point defect in transition metal
dichalcogenides including WSe2, and were produced in exfoliated dichalcogenide sheets by
Tongay et al. using both α-particle irradiation and thermal annealing in vacuum techniques 155.
Defects in MoS2 were also generated by Zhou et al. through the use of electron beam irradiation
on MoS2 which revealed that monovacancies of sulfur preferentially occurred over divacancies
in MoS2, a trend that is likely applicable to WSe2 sheets as well 156. Cation vacancies were also
demonstrated in a study Molenda et al., though detailed TEM analysis was not performed, and
defect generation was predicted based upon deviation of tungsten content from the stoichiometric
composition 157. The multi-atom vacancy structures MoS3 and MoS6 have been experimentally
observed in single layers of MoS2, suggesting that formation of WSe3 and WSe6 vacancies is also
possible 156.
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1.4.1.2 Line Defects (Dislocations, Gain Boundaries, Edge Reconstructions)
Studies of dislocations, grain boundaries, and edge reconstructions in WSe2 have been limited,
with no studies being reported in the past decade despite the rise in interest in dichalcogenide
materials. Complex dislocation networks in single-crystal WSe2 were observed by Monzack et
al. through TEM analysis, which determined that dislocation slip in WSe2 occurred on the (001)
basal plane along the <11 ̅ 0> directions, typical for materials possessing a layered trigonal
structure 158. Dislocations formed by annealing of single crystal samples also revealed that WSe2
favors Shockley partial dislocation formation, given by: 158
[

̅ ]

[

̅ ]

[

̅ ] (Eq. 1)

The exact atomic nature of line defects in WSe2 remains unobserved experimentally; however,
experimental and theoretical studies of the dichalcogenides WS2 and MoS2 offer an
understanding of the likely atomic arrangements of these defects. Consistent with previous first
principles calculations159, different grain boundary angles have been shown to produce different
atomic configurations which differ from other two-dimensional materials and are unique to
dichalcogenide materials. Zhou et al. observed large angle 60° grain boundaries between grains
in MoS2 featuring a variety of grain boundaries including two-types of fourfold-fourfold (4│4)
rings (edge-sharing and non-edge sharing) and one type of fourfold-eightfold (4│8) rings 156.
Low-angle grain boundaries of 17.5° were also observed, which produced several types sevenfold (5│7) ring structures 156. An image of these defects is shown in Figure 1-13.
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Figure 1-13: Annular Dark Field (ADF) images of grain boundary defects in MoS2
including a.) a 4│4 60° grain boundary b.) an edge-sharing 4│4 60° grain boundary and c.)
a low-angel 5│7 grain boundary 156.
MoS2 has been shown to display multiple forms of edge reconstructions as well, including an
entirely Mo terminated reconstruction and a 50% sulfur-covered edge with one sulfur atom per
Mo atom. Both of these reconstructions possess unchanged lattice parameters from the central
crystal; however, additional non-dimension conserving transformations have been observed
dependent upon the chemistry of the atmosphere under which the crystals were synthesized,
highlighting the importance of processing conditions on intrinsic defects in dichalcogenide
materials 156.
1.4.2 Electrical Properties of WSe2
Tungsten diselenide’s electrical properties are generally quite similar to that of the much more
heavily studied MoS2 and WS2; however, by many metrics including reported Hall mobility and
on/off ratio in FET devices, tungsten diselenide is a superior material for electronic device
applications 17, 160. With a band gap ranging from a direct gap of approximately 1.6 eV in the
monolayer 18 to an indirect gap of 1.2 eV in the bulk 17, WSe2 can be modified for a wide range
of device applications simply through altering the number of layers of material used alone.
Tungsten diselenide has been shown to display ambipolar conductive behavior, with materials
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displaying either n-type or p-type type dominated conductivity depending upon the synthesis
method 161. This has allowed for the successful demonstration of pure WSe2 p-n junctions for
both bulk 162 and monolayer WSe2 crystals 18. As is the case for many layered materials,
conductivity of WSe2 is generally substantially higher in its bulk form than monolayer form,
with record conductivities of 500 cm2/Vs reported for bulk p-type WSe2 FETs 163 and hole
mobilities of 250 cm2/Vs for monolayer p-FET transistors 17. Monolayer n-type WSe2 FETs
exhibit lower mobility values of approximately 202 cm2/Vs 164.
Defects play a dominant role in determining WSe2’s electrical properties. Calculations by
Ghorbani-Asl et al. revealed that point defects, line defects, and grain boundaries all serve to
drastically reduce conductivity in monolayer dichalcogenide sheets by introducing noncontributing midgap states 154. This offers a potential explanation for the extremely wide variety
of conductivity values that have been offered for single-layers of MoS2, as well as an explanation
for discrepancies between CVD grown and mechanically-exfoliated WSe2.
1.4.2.1 Doping and Contacting of WSe2
Doping of WSe2 has been accomplished through the use of two principal methods: surface
adsorption doping and atomic substitution. In surface adsorption, an alloying molecule is
deposited onto the surface of WSe2, where the molecule rests in a physisorbed state. If the
molecule rests on the top of the dichalcogenide film, as is the case for monolayer dichalcogenide
compounds, then this physisorption is considered to be adsorption doped 165; whereas, if the
molecule lies in between sheets of the layered compound, it is said to lie in an intercalated state
166

. In both cases, electron or hole transfer occurs between the molecule and the dichalcogenide

surface, resulting in a change in the conductivity of the film165. Adsorption doping has been
successfully demonstrated in two studies by Fang et al. through the use of potassium to produce
n-type WSe2165 and NO2 molecules to produce p-type WSe217. Intercalation doping has also
been shown in WSe2 crystals, including a study using indium atoms by Deshpande et al. 166 and a
study using sodium atoms in vacuum by Schellenberger et al. 167.
A wide variety of metals have been investigated for use with forming contacts to WSe2 few-layer
and monolayer films. The band alignment of monolayer WSe2 with a number of different
contacting materials is shown in Figure 1-14.
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Figure 1-14: Band alignment of WSe2 with a variety of metal contact materials 164.
Testing of various metals by Liu et al have revealed that the formation of low-resistance ohmic
contacts with WSe2 is possible through the use of the metals Ti, In, and Au. As Al failed to form
an ohmic contact despite predictions that such a contact would be formed based upon WSe2’s
band structure, the low contact resistance in these metals was explained by hybridization
between d-orbital electrons in the WSe2 sheet and those in the contacting metals, leading to
improved electron injection 164. Development of p-type WSe2 FETs using different metal
contacts was also investigated by Fang et al. who demonstrated that high work function metals
such as Pt were necessary in order to obtain reasonable hole injection in monolayer WSe2 FETs
due to the material’s high work function 17. Combining these ideas, Das and Appenzeller were
able to demonstrate efficient electron injection using Ni as a contacting material and hole
injection using palladium contacts, which were combined to produce ambipolar-conducting
WSe2 FETs 168.
1.4.3 Optical Properties of WSe2
WSe2 has long been the subject of intense research for optoelectronics, largely due to its
excellent ability to absorb light in the visible spectrum, as bulk WSe2 has been shown to possess
a direct band gap of approximately 1.35-1.57 eV, close to the optimal value needed for use as an
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absorbing photoanode in photochemical cells 169,170. In addition, unlike many traditional
semiconductor materials such as silicon, WSe2 possesses the advantage that its valence and
conduction bands are formed by d-orbital electrons not involved in crystal bonding making it
free from the photocorrosion commonly seen in many other solar cell materials 170. As a result,
a large amount of work was focused upon development of WSe2 photochemical cells in the
1980s 171,172,173, producing electrical conversion efficiency values upwards of 22%. Entirely
solid-state heterojunction solar cells using WSe2 as an absorber material have also been explored,
including a study by Vogt et al. using ZnO as a window material which demonstrated 8%
efficient solar cells 170; however, few studies have since been conducted on bulk WSe2
photovoltaics, due to the large difficulty of dealing with undesired recombination centers that
occur prevalently in WSe2 because of selenium and tungsten vacancies 174. Recently, monolayer
WSe2 has also begun to be explored for photovoltaic devices, including a study of a WSe2 solar
cell by Posphischil et al. which used Ti gating on one side of a WSe2 flake and Pd gating on
another side to produce a p-n junction, although power conversion efficiency using this cell was
only 0.5% 175. In addition to light- absorbing devices, WSe2 light- emitting devices (LEDs) have
also been demonstrated, including monolayer LEDs using electrostatic doping by Ross et al. 176.
Excitonic photoluminescence in monolayer WSe2 is high, on the order of 40 times higher than
MoS2 single layers 49. Photoluminescence in WSe2 changes depending upon the number of
layers of the dichalcogenide material, making photoluminescence measurements a powerful
technique for determining material thicknesses in pristine WSe2 samples 92. An example of
typical WSe2 photoluminescence peaks is shown in Figure 1-15.
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Figure 1-15: Pholuminescence of WSe2 with respect to number of atomic layers a) and shift
of PL peaks with respect to material thickness in few-layered WSe2.
Electroluminescence is of particular interest in WSe2 materials as it has been shown to occur
through four different exciton species formed in ±K valleys of the monolayer species. This
opens the opportunity for what are known as valleytronic technologies using WSe2 monolayers,
which make use of the polarization of photoluminescent light in order to perform information
transfer and logic operations 177,178. Spin effects in WSe2 are discussed in detail in section 1.4.4.
Understanding and control of these phenomena have only recently begun, though excitonic light
emission control through photonic crystals has already been demonstrated by Wu et al.

179

.

As they affect electrical properties, defects in WSe2 are also expected to affect the material’s
optical properties. Chalcogenide vacancies have been found to produce an overall enhancement
of photoluminescence in the monolayer sheets and an additional photoluminescence peak which
was attributed to charge transfer between the defective chalcogenide sheet and physisorbed N2
molecules 155. The effects of other defects such as grain boundaries on the optical properties of
WSe2 have yet to be thoroughly investigated.
WSe2 is Raman-active, making verification of the relative thickness and composition of thin
films of WSe2 possible through the use of Raman spectroscopy. While multiple vibration modes
are present within WSe2, only a few are Raman-active, with various modes exhibiting high
degrees of damping depending upon the number of WSe2 layers 180. A representation of the
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primary Raman-active vibration modes in WSe2 as well as typical Raman spectra for WSe2 films
of varying thicknesses is shown Figure 1-16.

Figure 1-16: a.) Primary Raman-active vibration modes in WSe2. Raman spectra obtained
for varying thicknesses of WSe2 using b.) 488 nm and c.) 633 nm laser excitation. Modified
from 180,181.
Different wavelengths of light produce slightly different Raman spectra for the sample as a result
of differences in resonant vibration modes excited by the frequency of the laser used. As a
result, greater peak differentiation of the E2g/A1g modes is possible using a 633 nm laser than a
488 nm laser for excitation, as evidenced in 1-16(b) and 1-16(c).
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1.4.4 Magnetic Properties of WSe2
In bulk form, WSe2 displays simple diamagnetism due to the full dz2 band of the material 182,183.
Unlike the bulk form of the material, monolayer WSe2 sheets display a number of unusual
magnetic properties. While bilayer and thicker films of WSe2 display inversion symmetry,
reduction to a single layer destroys this symmetry, resulting in the formation of local noncounterbalanced electric fields around the W atom and Se2 groups 184. These localized electric
fields result in spin-orbital interactions (SOIs) of electrons within the material due to coupling
between the electrons’ spin and momentum 185. This causes electrons within the material to
become highly spin-polarized at the conduction and valence band edges of the material, which
are located at the two K points in the hexagonal Brillioun zone structure for monolayer
dichalcogenides 186. A diagram of spin alignment in monolayer and bulk WSe2 films is shown in
Figure 1-17.

Figure 1-17: Valley band structure of WSe2 for a.) monolayer b.) bulk films 184.
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A study by Yuan et al. demonstrated the ability to generate similar spin coupling phenomena in
bulk materials by application of an electric field to WSe2 in ionic gel-gated, electric-double-layer
transistors 185. Development of this effect was attributed to the fact that charge carriers within
the FET channel were confined to the first few layers of material near the surfaces due to
electrostatic screening, eliminating the polarization-cancelling symmetry of the bulk material
from having an effect upon the field 185. This has implications for the development of WSe2
based magnetic devices, as it may be possible to obtain monolayer magnetic properties in WSe2
devices without reducing the crystal to single-layer dimensions.
In addition to the spin-coupling phenomena that result from the unique symmetry of WSe2 and
other TMD compounds, many defects in TMD compounds are also predicted to display inherent
magnetic effects. First principles calculations by Zhang et al. revealed that dislocations and
grain boundaries within dichalcogenide materials are inherently magnetic. This magnetism
varies depending upon the tilt angle and structure of the grain boundary or dislocation, with
boundaries possessing (5│7) structures being expected to show ferromagnetism while
boundaries possessing (4│8) structures are expected to be antiferromagnetic 187.
1.4.5 Thermal Properties of WSe2
The thermal properties of WSe2 are intriguing, largely due to the difference between the in-plane
covalent bonding and out-of-plane van der Waals bonding in the material. Perhaps the most
extraordinary property of WSe2 is that it can be made to display a thermal conductivity lower
than any almost any other currently known single material, measured to be slightly less than
0.05 W∙m−1∙K−1 in a study by Chiritescu et al 19. While this is partially a result of the large
atomic mass of the W and Se atoms in the material, the reason such values can be obtained lies in
the layer ordering of WSe2 sheets 188. The thermal conductivity exhibited by a solid is directly
controlled by the phonon vibrations in the lattice; therefore, methods of disrupting phonon
vibrations allow for a reduction of thermal conductivity. A simple way that this can be
accomplished is through reduction of the crystallinity of a material; however, in some cases
WSe2 films featuring randomly oriented but crystalline grains exhibit a lower thermal
conductivity value than amorphous WSe2 films. This result comes from the isolation of phonon
vibrations within extremely small domains of the WSe2 structure by forming highly disordered
sheet stacking sequences, which can be described as azimuthal layers as they are stacked one on
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top of another. Phonon vibrations between these sheets are easily disrupted due to the weak van
der Waals bonding and lack of order between layers. Controlling the production of WSe2 sheets
nanocrystalline in grain size allows for isolation of phonon vibrations parallel to the sheet and
further disruption of vibrations perpendicular to the sheet, leading to low thermal conductivities
perpendicular to the layer structure 189,190. This difference in the coherence length of phonon
vibrations between directions also makes the thermal conductivity of WSe2 films extremely
anisotropic, with typical values of thermal conductivity approximately 30 times larger within the
covalently bonded sheet direction than between sheets 190.
WSe2 has been found to display a high Seebeck coefficient on the order of 550-600 μV∙K-1 191.
These values paired with its low thermal conductivity and reasonable electrical conductivity
make WSe2 structures of interest for use in thermoelectric applications 192. However, current
research and experimentation has shown that other layered dichalcogenide materials such as
Bi2Te3 and PbTe generally are capable of outperforming WSe2 in near room-temperature
thermoelectric applications 193,194. Mixing of WSe2 with other layered dichalcogenide materials
such as WS2 offers the possibility of producing materials with greatly enhanced thermoelectric
properties, as it is predicted that these mixed structures will have greatly improved electrical
conductivity 192.
The thermal expansion of WSe2 is also highly anisotropic, with linear coefficients of expansion
measured at approximately 11.08∙10-6 °C-1 in the a direction and 16.72∙10-6 °C-1 in the c direction
of the lattice for temperatures up to 700 °C 145,144. Above approximately 500 °C, WSe2 begins
conversion in the presence of oxygen to WO3, placing a limit on the conditions under which the
material can be used 144.
1.4.6 Chemical and Catalytic Properties of WSe2
Tungsten diselenide and other TMD compounds such as WS2 and MoS2 are notable for their
unique catalytic and chemical properties, which make them intriguing options for a variety of
chemical applications, 195,196. Studies by Jaramillo et al. and others have suggested that the
catalytic properties of sulfur-based TMD materials such as MoS2 are a result of defects/edge
reconstructions at individual grains, specifically sulfurized molybdenum edges in MoS2 197. As a
consequence, polycrystalline films of TMDs display superior catalytic properties to single crystal
materials 198.
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1.4.6.1 Hydrogen Evolution Reaction (HER)
One of the most promising reactions utilizing WSe2 as a catalyst lies in the hydrogen evolution
reaction (HER), which can be summarized simply as 2H++ 2e- → H2 (g) 16. While many
catalysts for the reaction are possible, use of WSe2 is of particular interest as it offers the
potential of acting simultaneously as both the catalyst for the reaction and as a photoabsorber for
hydrogen evolution from water-splitting reactions 138. Results for water splitting thus far have
been promising, with studies by Velazquez et al. and Wang et al. revealing WSe2 to be a highly
stable HER catalyst in the presence of acidic solutions 138,199. Using a combination of Pt and Ru
coatings, McKone et al. were able to obtain solar energy conversion efficiencies greater than 7%
for p-WSe2 crystals 200. WSe2 frequently suffers from surface flaws which act as charge carrier
recombination centers, greatly reducing the efficiency of the material as a photoabsorber and
posing a challenge that must be overcome before the material can be placed into widespread use
201, 202

.

1.4.7 Mechanical Properties of WSe2
Mechanical properties such as yield strength and modulus of elasticity have not been
experimentally investigated for WSe2, with few studies done for any TMD. DFT simulations by
Peng et al. for elastic properties of MoS2 suggest that TMD materials will display outstanding
mechanical properties, making them well suited for elastic energy storage applications 203.
Direct measurements of the mechanical properties of MoS2 by Bertolazzi et al. produced a
Young’s modulus of 270 GPa and breaking strength of 16-30 GPa for monolayer MoS2 sheets,
suggesting that the strength of dichalcogenide materials lies between that of traditional materials
such as bulk stainless steel and carbon-based nanostructures such as graphene and carbon
nanotubes 204.
Due to the weak van der Waals bonding between layers, TMD sheets are able to easily slide past
one another in a manner analogous to graphite sheets, making TMDs excellent lubricants 205.
While MoS2 coatings have been the subject of primary research for tribological coatings 206, use
of MoS2 is limited by its oxidation in water and air, making WSex coatings a potentially superior
choice for certain applications 207. Additives to WSe2 coatings have been found to improve the
friction coefficient of films, including addition of Mo 208, TiC 207, and diamond-like carbon
(DLC) 209. While MoS2 is naturally occurring and therefore much more commonly used than
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WSe2, the advantages offered by the material make it likely to see wide-spread use in terrestrial
environments.

CHAPTER 2 – EXPERIMENTAL PROCEDURE
2.1 Sample Preparation
2.1.1 Substrate Dicing
Substrates of silicon dioxide (Si/SiO2), sapphire, and silicon carbide were used for the growth of
all materials used throughout experimentation. Silicon dioxide substrates were prepared by the
growth of 90 or 300 nm of SiO2 layer on top of 4 inch wafers of p-type silicon substrates
purchased from Baker using a Thermco 2604 oxidation furnace. Two-inch double-side epipolished sapphire substrates were purchased from Cryscore Optoelectronic incorporated. Silicon
carbide substrates were purchased from Kyma corporation. Silicon dioxide and sapphire
substrates were cleaved by hand into 10 cm x 10 cm squares using a diamond nanoindentation
tool.
Due to its extreme hardness, silicon carbide required a special process in order to be
prepared for material growth. Epi-ready three inch silicon carbide wafers purchased from Cree
corporation were bonded carbon face down onto quartz substrates using a wax bonding agent.
Wafers were then diced into 10 cm x 10 cm squares using a diamond-coated saw. Substrate
pieces were then removed from the quartz plate by placing the wafer-bonded substrates in
Opticlear™ solution for approximately one hour and then mechanically removing pieces using
precision tweezers.
2.1.2 Substrate Cleaning
Substrate cleanliness was found to be vital to obtaining uniform films, therefore both chemical
and plasma cleaning methods were used to prepare substrates prior to growth. Substrates were
ultrasonicated in an acetone solution for 10 minutes, rinsed in distilled water, and then quickly
transferred to an isopropyl alcohol (IPA) solution in order to prevent the formation of remnant
organic residues on the substrates. Substrates were then ultrasonicated for 10 minutes in IPA
solution, rinsed several times with distilled water and dried using a nitrogen gun. Substrates
were subsequently cleaned using an 80°C heated NanoStrip solution for 20 minutes to remove
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organic contaminants. Substrates were removed from the NanoStrip, repeatedly rinsed with
distilled water, and then blow dried. These chemically cleaned substrates were finally placed
within a Plasma-Therm 720 dry etching system and exposed to an oxygen/argon plasma mixture
for 2 minutes in order to fully remove any remaining carbon contamination.
2.2 Tungsten Oxide Deposition
Tungsten oxide films were deposited using a Kurt J. Lesker Lab 18 Thermal Evaporation
System. A schematic of this process is shown below in Figure 2-1.

Figure 2-1: Procedure for deposition of tungsten oxide films.
Tungsten oxide (WO3) pellets (Kurt J. Lesker, 99.99%) were placed into four inch tungsten boats
purchased from Kurt J. Lesker incorporated and mounted between resistive heater units. The
system was then pumped to a vacuum of approximately 10-7 Torr. Substrates were taped onto
metallic substrate holding wafers using Kapton tape and loaded into the loading chamber shown
in the diagram. The loading chamber was then sealed and its pressure was reduced to
approximately 10-6 Torr before the substrate was loaded into the vacuum chamber directly above
the tungsten oxide boat. The chamber vacuum was allowed to stabilize, and then tungsten oxide
powder was evaporated using the thermal heating system allowing for a uniform distribution of
oxide over the substrate. Thickness of deposited oxide was monitored using a quartz crystal
monitoring system with a shutter system used to end deposition once desired oxide thickness was
reached.
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2.3 Rapid Thermal Annealing of Oxides
In some instances, WO3 films were annealed in order to achieve improved morphology and
phase as further discussed in Chapter 3. An Alwin 21 AG610 RTA/RTP furnace was used for
performing rapid heat treatments on deposited oxide substrates. Substrates containing deposited
oxide films were placed onto a silicon holding wafer and loaded into the system. Rapid thermal
annealing treatments were performed using several different temperatures and flow rates of
oxygen and nitrogen in order to determine optimal conditions for crystallization of tungsten
oxide. Ultimately, a single-stage heat treatment of 500 °C for 10 minutes followed under an
oxygen flow rate of 4 L/min was determined to produce smooth oxide films with micron-sized
grains and were used for selenization annealing studies. Following the heat treatment, substrates
were rapidly cooled to room temperature using a flow rate of 5 L/min of nitrogen.
2.4 WSe2 Synthesis
Tungsten diselenide synthesis was performed based upon a simple substitution reaction between
selenium and tungsten oxide, given by the overall reaction:
2WO3 (s) + 5Se (g) → 2WSe2 (s) + 3SeO2 (g) (Eq. 2)
While this reaction provides a summary of the net formation of WSe2, the properties of final
WSe2 films are affected by a number of processing parameters including heating and cooling
rates, gas-phase chemistry during the reaction process, temperature and pressure profiles, starting
morphology of tungsten oxide, and deposition substrate. Isolating the effects of each of these
parameters on WSe2 formation is challenging, requiring careful design of experiments to monitor
each of these parameters as independently as possible. To accomplish this, studies were
performed using three different processes; a cold-wall reactor process using a fixed quantity of
pure selenium shot as a selenium source in order to understand WSe2 formation without a
constant selenium overpressure, a hot-wall reactor process using a continuous flow of pure
selenium vapor to understand substrate effects and role of selenium overpressure in film
development, and a second cold-wall reactor process using the metal-organic precursor DMSe to
understand selenium source and heating profile effects on growth. Following selenization of
WOx using DMSe, a fourth process involving the reaction of the metal-organic compound
W(CO)6 with DMSe was explored to determine the efficacy of WSe2 MOCVD. Brief
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descriptions of synthesis procedures are given below, however detailed step-by-step procedures
are available in Appendix.
2.5 WSe2 Cold Wall Reactor Synthesis
Three synthesis processes were performed in a cold-wall reactor system. In the first, metallic
selenium pellets were heated along with tungsten oxide films on various substrates in order to
produce WSe2 using a batch synthesis process. In the second, a metal-organic source,
dimethylselenium (DMSe) was used with tungsten oxide films in order produce films exposed to
a continuous selenium overpressure. In the final process, fixed amounts of tungsten
hexacarbonyl (W(CO)6) and metallic selenium pellets were added to the system in order to
explore the potential for metal-organic synthesis.
2.5.1 Reactor Configuration
A cold wall reactor was used in order to study selenization using metal-organic precursor sources
as well as to investigate the effects of rapid heating and cooling synthesis processes. A
schematic and picture of the reactor system is shown in Figure 2-2.

Figure 2-2: a.) Schematic drawing of reactor geometry of cold-wall reactor system and b.)
image of cold-wall reactor.
In order to prevent cross-contamination between processes, a bottom-loading liner tube system
was used in which liner tubes approximately 1.96” in outer diameter are loaded into a central 2”
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furnace tube. A water cooling system in which water is flown throw the outer tube wall itself
was used to reduce undesired heating of the system to ensure precursor breakdown is focused
directly over the substrate, and to prevent undesired sidewall deposition. The system was heated
using an inductive heating system, in which a substrate mount machined from a magnetically
susceptible material such as stainless steel or Inconel is loaded into the system center through a
bottom vacuum feed-through connection. Temperatures upwards of 750 °C were found to be
possible with the stainless steel susceptor, while the Inconel susceptor was capable of
temperatures up to approximately 820 °C. A type K thermocouple was located within the
susceptor holder and is connected to a PID controlled Ameritherm variable power supply system.
This power supply system was used to both monitor the system temperature throughout the run
and to control power supply throughout a copper coil surrounding the outside of the furnace tube
and susceptor. Current through this coil generates a magnetic field that is used for the inductive
heating of the susceptor.
Gas flow to the system was controlled by a series of MKS mass flow controllers, pressure
controllers, manual and pneumatic valves allowing for varying flow levels of nitrogen and
hydrogen gas through the system. Bubblers containing the metal organic precursors dimethyl
selenide and tungsten hexacarbonyl are connected to the gas flow system using VCR valves and
controlled by a combination of manual control and pneumatic control valves. While pure
nitrogen flows are possible, the system plumbing makes use of hydrogen as a carrier gas for
metal-organic sources, requiring that a small quantity of hydrogen gas be used during DMSe
selenization processes. Both manual and pneumatic control valves are used to ensure precise
control of DMSe flow. A nitrogen dilution system was used in order to ensure hydrogen
concentration in exhaust gases was kept below the explosive limit. A mechanical pump filled
with Fomblin® oil capable of reducing system pressure to several miliTorr was used to reduce
system pressure, and a MKS pressure control valve connected to an MKS Barratron 1000 Torr
monitor was used to monitor and control system pressure. In order to monitor pressures below 1
Torr, a Pirranhi gauge was also connected to the system. Nitrogen gas was supplied through a
house nitrogen system with nitrogen collected from liquid dewers. Hydrogen gas (UHP grade)
was purified using a palladium catalyst purification system prior to entry into the system in order
to minimize introduction of humidity into the system.
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2.5.2 WSe2 Metallic Selenium Pellet Synthesis Procedure
WSe2 films were synthesized from WOx films on various substrates including sapphire and SiO2
via reaction of films with pure selenium vapor generated from evaporation of high-purity
(Sigma-Aldrich 99.99%) selenium pellets. Personal protective equipment including lab coats,
safety goggles, and nitrile gloves were worn throughout synthesis in order to prevent contact
with toxic precursors. A hydrogen bake was performed prior to conducting runs in the system in
order to remove contaminants from previous runs. Nitrogen flow was commenced through the
system, and the sample susceptor was removed from the system and set aside on a clean surface.
WSe2 pellets were loaded onto the fringed cavity of the susceptor, with desired WOx films and
substrates placed onto the center of the susceptor. A schematic of this susceptor loading is
shown in Figure 2-3.

Figure 2-3: Drawing of substrate and Se pellet placement on susceptor.
After placing pellets and substrates onto the susceptor, the susceptor was then carefully
reinserted into the system and clamped into place. The system was pumped to reduced pressure
to ensure no leaks were present. Carrier gas, pressure, and temperature of the system were then
adjusted to desired experimental conditions throughout the run. Following completion of the
run, the system was allowed to cool, and the susceptor was then removed by breaking of the
vacuum with nitrogen gas. Substrates were removed from the suscepter which was then
reinserted into the tube furnace.
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2.5.3 WSe2 Dimethylselenium Synthesis Procedure
The synthesis procedure for formation of WSe2 using DMSe was similar to that performed using
metallic selenium. General loading procedure of the susceptor was the same, however no
selenium pellets were loaded along with the substrate. Prior to commencing the growth,
hydrogen gas was passed through a bypass valve connected to the DMSe, and a pressure control
MFC was used to adjust back pressure of H2 into the system. Additional carrier gas
concentrations and system pressure were adjusted, and heating of the system was then
commenced. Once the desired system temperature was obtained, gas flow was quickly switched
from flow through the bypass valve into the DMSe bubbler itself. Following completion of the
synthesis, hydrogen flow was again switched from the DMSe bubbler to the bypass valve, and
the system was allowed to cool and then unloaded.
2.5.4 W(CO)6 and Metallic Selenium WSe2 Chemical Vapor Deposition Synthesis
Procedure
CVD using the reaction of W(CO)6 and metallic selenium was performed in the cold wall reactor
using a procedure nearly identical to that of synthesis using metallic selenium. However,
desured quantities of W(CO)6 powder were preweighed using a mass balance scale and then
placed into the susceptor trench along with the selenium pellets. No WOx deposition was
performed onto substrates prior to their placement on the susceptor, although substrates were
cleaned using the degrease procedure described in section 2.1.2. The susceptor was then loaded
into the furnace, and procedures were followed as for the pellet growth procedure described
previously. Synthesis was commenced quickly upon pulling a vacuum in the system as the high
volatility of W(CO)6 dictated that some powder was lost prior to the growth run.
2.6 Synthesis of WSe2 in Hot Wall Reactor
2.6.1 Reactor Configuration
WSe2 synthesis was explored in a second reactor system in an attempt to establish the effects of
reactor geometry, selenium precursor, and use of alternative carrier gases such as argon. The
system used consisted of a 3” horizontal, hot-wall CM brand high-temperature quartz tube
furnace. A diagram and image of this system is shown in Figure 2-4. Flanges were machined
for either side of the furnace in order to allow for attachment of vacuum components. A dry
pump was used to produce a vacuum in the system, and 10 and 100 Torr MKS Baratron
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barometers connected to a MKS Throttle Valve were used to monitor and control system
pressure during growth runs. A molecular sieve trap containing a stainless-steel zeolite basket
was used prevent flow accidental flow of selenium or other precursors from the system into the
dry pump. MKS brand MFCs were used to control flows of argon, nitrogen, and hydrogen gases
into the system. As was done for the cold-wall reactor system, a nitrogen dilution system was
used to reduce hydrogen exhaust gas concentrations to below the explosive limit. Hydrogen (H2),

nitrogen, (N2), and argon (Ar) gases were available for use in the system, however no metal

organic compounds were present.

Figure 2-4: a.) Schematic of hot-wall selenization CVD system and b.) picture of horizontal
furnace
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2.6.2 Synthesis Procedure
Due to the large size of the furnace, a hydraulic system was used to lift the top of the tube
furnace in order to view boat loading locations during the procedure. System vacuum was then
broken by fully closing the pressure control valve connected to the system, removing the flange
clamp on the inlet of the system, and then filling the system with nitrogen. Upon reaching
atmospheric pressure, the system inlet cap fell off from the inside of the system, with a cardboard
box used to catch the inlet to prevent damage to the vacuum component. As the furnace was
used for the processing of multiple material systems, a liner tube system was used in order to
prevent cross-contamination between processes. Quartz wool was used to prevent flow of
selenium or other damaging precursors into the system pump, and was therefore removed from
the tube prior to being placed away. Fresh quartz wool was then placed onto the end of the tube
designated for the synthesis process, and the tube was placed into the system with its center
directly aligned with that of the center of the primary tube. The furnace was then sealed and
baked at elevated temperature under a high flow of H2 gas to eliminate contaminants such as
humidity from the system. A quartz boat was then loaded into the center of the furnace hot zone
with the desired films to be selenized. Following loading of this boat, a second boat containing
selenium pellets was placed upstream of the WOx substrates at a location in the furnace
corresponding to 500 °C at the furnaces maximum operating temperature. Afterwards, the
furnace was sealed and reduced to the desired operating pressure. The desired temperature
profile was set on the system and carrier gas flow was introduced into the system. The
selenization procedure was then performed under desired experimental conditions. Following
the selenization, the system was allowed to cool, and system vacuum was broken using nitrogen
gas flow. Samples and quartz boats were then removed from the system.
2.7 Sample Characterization
To evaluate sample quality and gain an improved understanding of the film growth process,
several materials characterization techniques were used including Raman Spectroscopy, X-ray
Photoelectron Spectroscopy (XPS), Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM), Transmission Electron Microscopy (TEM), Energy Dispersive Spectroscopy
(EDS), and Electron Energy Loss Spectroscopy (EELS). A description of the operating principle
behind each of these techniques is given below.
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2.7.1 Raman Spectroscopy
Raman spectroscopy is a commonly used characterization tool in two-dimensional materials
research, which is based upon measuring the inelastic scattering of light from a material. In
Raman spectroscopy, a monochromatic light source (in modern instruments produced from a
laser) is shone onto a sample surface for several seconds. During this time, scattered light from
the sample surface is collected using specialized optics and detector apparatus that are designed
to eliminate detection of elastic (Rayleigh) scattering in order to solely detect the inelastically
scattered component. While light can be collected from a variety of angles, Raman in this
instance made use of collection apparatus set at 180° from the applied light. The inelastic light is
a function of the both the elements present and their arrangement within the sample, allowing for
the observation of a large number of material parameters from Raman spectroscopic data
including sample composition, phase, and texture. Quantification of Raman spectroscopic data
is often difficult, as many different affects such as strain and thickness differences can produce
similar changes in peak shape and location. Therefore the technique is generally best used as a
semi-qualitative determination of sample properties rather than as a single-source evaluation of
material properties. Data collection time for Raman spectroscopy varies depending upon the
strength of the scattered Raman light, but scans of most solid-state samples can be performed
with collection times less than a minute. The requirements for Raman spectroscopy are minimal,
allowing for the study of a wide range of samples including liquids and gases in addition to thin
films and other solid samples.
A Witec Confocal Raman Spectrometer was used for studies of all WSe2 films and other
samples. The spot size of the technique varied slightly depending upon the wavelength and
power of the laser used, however it was generally found to be approximately 340 nm. Samples
were examined using laser wavelengths of 488, 514, and 633 nm. While generally point scans
were used to examine sample properties, mapping of some films was also performed to evaluate
sample uniformity and obtain more statistically relevant data. Sample scans were performed
using a software integration of 5 seconds and hardware integration of four seconds in order to
obtain reasonable signal-to-noise resolution for spectroscopic data. A power level of
approximately 20.4 mW was used as the standard for collection of spectroscopic data.
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2.7.2 X-Ray Photoelectron Spectroscopy (XPS)
XPS or electron spectroscopy for chemical analysis (ESCA) as it is also known was used to
measure sample composition, bonding, and stoichiometry. XPS is a powerful technique for thin
film studies as it is highly surface-sensitive with a penetration depth maximum on the order of 10
nm. XPS evaluates film compositions by first exposing samples to fixed energies of x-rays. The
interaction of these x-rays with the samples results in the elevation of electrons in atoms in the
sample from their lower energy state to an elevate state given the x-ray energy is at least equal to
the difference between these two levels. If the energy excitation is sufficient, electrons will be
emitted from the sample with a kinetic energy approximately equal to the difference between the
energy of the incident electromagnetic radiation and the energy required to elevate the electron
out of the atom. These electrons are collected using a solid-state detector, allowing for a
determination of electron counts versus kinetic energy that can be used to determine the amount
of bonds existing at a given binding energy. As binding energies are highly sensitive to atomic
type and bonding environment, this allows for a determination of the bond types present in the
sample in addition to its chemical composition. In order to obtain quantitative results from XPS,
curve fitting procedures must be used, introducing the possibility for user area and adding a
subjective component to the analysis.
A Kratos Analytical Axis Ultra XPS system was used for all film evaluations. This system made
use of both aluminum K-α radiation sources passed through a monochromator. The system was
operated under ultra-high vacuum conditions in order to prevent undesired monolayer deposition
on the sample and reduce scattering of electrons during their transit from the sample to the
detector. Reference data was taken from the National Institute for Standards in Technology
(NIST) public website and the Handbook of XPS Data in order to determine elemental binding
energies and oxidation states. Major elements for the system included Al, W, Se, O, and C,
therefore high-resolution scans were performed centered around each of these expected peak
locations.
2.7.3 Scanning Electron Microscopy
Electron microscopy is an imaging technique that makes use of electron-sample interactions in
order to generate images of a sample rather than using waves of light as in traditional optical
microscopy. Electrons are accelerated to extremely high kinetic energies using potentials in the
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kilovolts range in a cathode ray gun setup and then focused across the surface of a sample.
Electrons have the possibility of interacting with the sample surface in a number of ways, either
by elastically scattering off of the surface in what are known as backscattered electrons,
removing electrons bound to atoms in the sample generating secondary electrons, and by
producing electronic transitions in the sample that produce either Auger electrons or
characteristic x-rays. Secondary and backscattered electrons are most commonly used for
sample imaging, although imaging using other output electrons and x-rays is also possible.
Samples in the study were characterized using a Leo 1530 FESEM. Samples were mounted onto
a sample holder using carbon tape and placed onto an SEM stage mount, which was then
carefully inserted into the SEM. The system was then pumped down to a vacuum base pressure
of 10-6 Torr. Sample images were taken using both backscattered and secondary electron
imaging with a beam accelerating voltage of 1-10 kV depending upon the sample studied.
Images were taken at 100s to 100,000s times magnification in order to examine sample domain
size and surface features with respect to processing conditions.
2.7.4 Transmission Electron Microscopy
TEM imaging is a method of electron microscopy similar to SEM imaging, however images are
formed by the transmission of electrons through a film of material rather than by detection of
reflected electrons. Unlike in SEM, the full image of the sample is collected simultaneously
rather than as a compilation of data from electron beam rastering. This is modified in scanning
TEM (STEM) imaging which allows for rastering of the transmitted beam similar to what is
done in SEM imaging.
Two instruments were utilized for sample TEM imaging, a JEOL 2010F located at the
Pennsylvania State University and a JEOL ARM200F with STEM Cs corrector operated at 200
kV at the University of Texas Austin. STEM imaging with electron energy loss spectroscopy
(EELS) was performed using both instruments in order to quantitatively study sample/substrate
interfaces and for the measurement of film thicknesses, with energy dispersive spectroscopy
(EDS) performed on film interfaces to quickly investigate the elemental composition of film
layers. EELS is an STEM technique that identifies elemental composition by looking at the
energy loss of electrons as they pass through a sample as this is highly dependent upon the
atomic number of the element the electron interacts with, while EDS makes use of an x-ray
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detector to measure elemental composition by looking at the energy of emitted characteristic xrays from the sample.
2.7.5 Atomic Force Microscopy
Atomic force microscopy is a relatively recently developed imaging technique useful for
providing high resolution imaging of a sample surface without the need for excessive sample
preparation. In atomic force microscopy, a sharp metal tip is brought near the surface of a
material in order to measure interactions between the tip and the first layer of atoms on the
sample. A Veeco 3100 Dimension AFM was used for all atomic force imaging. Tapping mode
atomic force imaging is the most common due to its simplicity and generation of high resolution
information about sample roughness. Measurement of the movement required to maintain a
constant oscillation levels allows for an evaluation of the sample height, allowing for the
generation of images showing sample roughness and topology of the WSe2 films. Scans of 2, 5,
10, and 20 μm were performed on sample surfaces in order to observe details of film morphology
and topology.
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CHAPTER 3 – RESULTS AND DISCUSSION
3.1 Growth of WSe2 Using Pellets
3.1.1 Initial Selenization Experiments
First investigations of WSe2 formation were performed using 5 nm thick WOx deposited on
sapphire and Si/SiO2 substrates. All initial selenizations were performed by Dr. Sarah Eichfeld.
Five pellets weighing approximately 0.25 grams were used for the selenium source in the
experiment. This thickness was chosen as it was expected that some loss of WOx would occur,
and it was desired to ensure that some WSe2 would remain present despite the loss of material.
Substrate cleaning and WOx deposition was performed using the procedures described in Chapter
2. No annealing treatment was performed on films following deposition.
Initial selenization was performed at low temperatures ranging from 300-600 °C, however visual
inspections showed that samples appeared relatively unchanged or selenized until a temperature
of 700 °C was used. Selenizations were performed on 5 nm WOx films deposited on both
sapphire and Si/SiO2 substrates. In order to quickly verify the formation of WSe2, Raman
spectroscopy was performed using a 488 nm wavelength laser. The collected spectra for a 700
°C sample selenized in pure hydrogen gas is shown in Figure 3-1.
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Figure 3-1: Raman spectra of WSe2 film selenized at 700 °C 100 Torr for 5 minutes under
30 sccm pure H2. Spectra collected using 488 nm laser.
As seen, the spectra matches quite well with the literature spectra provided in Chapter 1,
suggesting the successful formation of 2H-WSe2. Spectra taken out to 1800 cm-1 confirmed the
slight presence of carbon in the film due to the graphitic peak located near 1583 cm-1 210.
In order to characterize bonding and stoichiometry of the films in detail, XPS was performed on
films deposited on both Si/SiO2 and sapphire substrates by graduate student Chia-Hui Lee, with
high-resolution scans centered around the W4f, Se3d, and O1s, Al2s, and Si2p peaks. In
addition, XPS was performed on a WSe2 flake exfoliated from a physical vapor transport
synthesized single crystal of WSe2 purchased from 2DSemiconductors.com. This was done to
establish a reference standard to which synthesized films could be compared, as physical vapor
transport has been known to general produce near-stoichiometric, highly crystalline samples of
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material 148. The results of the survey scan of the synthesized WSe2 films on sapphire and
Si/SiO2 substrates are shown in Figure 3-2.

Figure 3-2: XPS survey spectra from WSe2 selenized on sapphire and Si/SiO2 substrates
W, Se, O, C, Al, and Si peaks were found to accurately explain the majority of elements present
within the sample, however the height of the C KLL Auger peak is relatively high, suggesting
surface contamination of the material or possible carbon incorporation into the film beyond
typical advantaceous carbon levels. Offset of the C1s peak from the expected value of 284.8 eV
suggested the necessity of performing charge corrections on the XPS profile, however this is
complicated by the overlap of the Se 3s peak with the carbon C1s peak, making determination of
the actual C1s peak center extremely difficult. Charge correction was therefore performed using
the C KLL peak and a graphite standard.
High resolution scans of the W4f and Se3d peaks for the Si/SiO2 substrate grown film and
purchased exfoliated sample are shown in Figure 3-3.
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Figure 3-3: XPS Spectra of a.) W4f and b.) Se3d peaks from sample selenized using
elemental selenium pellets
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Double-peaks are present for both elements due to electron orbital degeneracy which produces
splitting of the W4f peak to W4f7/2 and W4f5/2 peaks and splitting of the Se3d peak to Se3d5/2 and
Se3d3/2 peaks 211. The additional third peak located at higher binding energies than the W4f peak
has previously been attributed solely to the presence of tungsten oxide within WSe2 by some
reports, however this energy level is also consistent with that expected for W5p3/2, suggesting
that the peak is actually a convolution of these two bond types. Peak fitting procedures were
therefore performed on the spectrum in order to attempt to determine the stoichiometry of the
film. Deconvolution of the WOx peaks along with peak fitting of the O1s and Se3d allowed for a
rough determination of the relative concentration of WOx to WSe2 within the film. Results
indicated this concentration to be approximately 1:10, suggesting incomplete film selenization.
However, as the binding energy of tungsten carbide (WC), a likely contaminant within the
material is expected to be located between 31.5-32.2 eV, determination of the concentration of
WSe2 is difficult, as it directly overlaps with the WC peak 211. Therefore, Raman spectroscopy
was deemed to be the most useful technique for the determination of the relative carbon
concentration between samples, as the technique is highly sensitive to carbon due to its ease of
detection of the graphitic peak.
To ascertain differences in film morphology, characterization of surface microstructure was
performed using FESEM imaging. An example SEM image of a film selenized at 600 Torr for
90 minutes is shown in Figure 3-4.
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Figure 3-4: SEM image of WSe2 sample synthesized at 700 C and 600 Torr and 30 sccm H2
gas for 90 min with a heating rate of 10°C/min using 5 nm WOx. WSe2 hexagons are clearly
present on the surface and appear to be coalescing together to form a continuous film
structure.
As shown, SEM imaging revealed that the samples consisted of nanocrystalline domains of
WSe2 crystals displaying the material’s characteristic hexagonal structure. The domain size of
the film was found to be extremely small, on the order of 10s of nanometers, suggesting little
growth of WSe2 grains throughout the selenization process. While domains appeared to be
oriented roughly parallel with the sample surface, the random in-plane orientation of film
domains upon the surface suggested no epitaxy between the film and substrate. Some
coalescence appeared to exist at grain boundaries of these crystals, however films were highly
porous with large gaps between most grains. To verify film microstructure and determine film
roughness, AFM spectroscopy was performed on each film, with a summary of results given in
Figure 3-5.
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Figure 3-5: AFM images of WSe2 samples synthesized from 5 nm WOx films on sapphire at
700 °C under 30 sccm H2 at a heating rate of 10 °C/min for different system pressures and
growth times
AFM imaging revealed films displayed increased coverage and roughness with increasing
pressure of the reactor system. Molecular desorption becomes increasingly favorable over
adsorption as system pressure is decreased, therefore this difference in density was attributed to
delamination of the film from the substrate during heat treatment, although whether this was a
result of delamination of WOx prior to selenization or loss of material upon selenization
remained unknown. While films at 10 and 300 Torr consisted of clearly separated domains,
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close examination of films grown at 600 Torr indicated an interconnected film structure, possibly
due to coalescence of the film as a result of surface transport of WSe2 molecules desorbed from
the film at elevated temperature. Increased annealing time produced little change in film
microstructure, with no signs of grain growth or further film coalescence despite the dramatic
difference in growth time. The cause for this was uncertain, although the batch nature of the
process offered the possibility that domain growth was inhibited due to a lack of selenium vapor
within the system during prolonged growth periods.
In order to verify the presence of a layered WSe2 structure and to study the domain size and
properties of the film selenization, cross-sectional TEM was performed on a sample grown at
700 °C for five minutes on sapphire using 5 nm WOx under a pure hydrogen atmosphere. EELs
analysis was also performed along the cross section in order to investigate the extent of
selenization and film stoichiometry. Results of the imaging are shown in Figure 3-6.

Figure 3-6: TEM Image of WSe2 film grown using 5 nm WOx on sapphire at 700 °C using
pure H2 gas.
A layered film structure is clearly visible, consisting of approximately 9-10 layers of WSex film.
Interlayer spacing was found to be approximately 0.7 nm, in close agreement with the interlayer
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spacing of WSe2 reported in literature. Some rippling in the film is present, indicative of
possible grain boundaries and suggesting grain size of the films to be on the order of 10s of nms,
consistent with domain sizes shown in AFM. EELS analysis revealed film stoichiometry
decreased from a near-ideal stoichiometry of WSe1.98 at the film surface to an unselenized oxide
region existing between the film and the sapphire substrate. While it was deemed possible that
this region was a result of diffusion of oxygen from the sapphire substrate into the WSe2 film, a
simpler explanation was that film selenization from the pellets had been incomplete, suggesting
insufficient selenium concentration to reach the final few layers of the film.
3.1.2 Graphite Crucible Experiments
In order to ensure sufficient partial pressure of selenium was present to allow for grain growth,
films of WOx on sapphire and SiO2 substrates were placed along with selenium pellets within a
graphite crucible enclosed save for a small opening at the crucibles top. This design is similar to
that of a Knudsen cell 212, and was expected to reduce flow of selenium out of the system,
thereby increasing the partial pressure of Se vapor present over the substrate and time in which
vapor was present within the system. Selenization was performed upon 2 nm WOx films
deposited on both sapphire and Si/SiO2 substrates using standard conditions of 700 C, 100 Torr,
30 sccm H2 for 5 minutes with a heating ramp rate of 10°C/min. SEM, optical imaging, and
Raman spectroscopy were then performed on these films, with a brief summary of results shown
in Figure 3-7.
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Figure 3-7: WSe2 film grown using graphite crucible showing effect of carbon
contamination of growth orientation. a and b.) SEM image of WSe2 film on SiO2 at
different regions. c.) vertical growth of WSe2 on sapphire substrate placed in graphite
crucible and d.) vertical growth occurring off of contaminant particl e.) optical micrograph
of film grown on Si/SiO2 substrate revealing delamination and f.) optical micrograph of
film grown on sapphire showing delamination, and g.) Raman spectra of film on sapphire
showing carbon contamination
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SEM imaging of the films revealed film morphology markedly different from that seen in films
grown on susceptors. While some regions of the films displayed domains oriented
predominately parallel to the substrate, large areas of the films were composed of nanoplatelets
approximately 15-20 nm in width oriented perpendicular to the substrate surface. The
substantially larger thickness of these platelets in comparison to the 2 nm WOx film deposited on
the surface is suggestive of movement of film material during the growth procedure, as it is
likely that the thickness is a result of material addition from surrounding areas delaminating from
the surface of the Si/SiO2 substrate and then attaching to the regions of WSe2 formation, as this
would explain the non-uniformity of the film particulates and is consistent with the film
delamination observed in the optical micrograph shown in Figure 3-7. The nanoplatelets also
display a wrinkled structure along their edges, possibly indicative of etching of the material at
high hydrogen flow concentrations. Examination of the W 4f peak revealed significant
reduction in the WOx concentration in the sample in comparison to films grown without the
crucible, suggesting that the crucible was effective in providing sufficient selenium overpressure
to produce increased film selenization and reduce the concentration of oxygen within the system.
While Raman spectroscopy confirmed the formation of WSe2, spectra indicated that the films
contained a high level of carbon contamination as shown by the broad carbon hump located at
1583 cm-1. The natural conclusion was that this carbon comes from crucible, as it was uncoated
and could therefore expected to display outgassing at elevated temperatures. As carbon is wellknown reducing agent and has been shown capable of forming WC at conditions similar to those
performed during the growth procedure 213, it is possible that the decrease in the size of the WOx
peak is actually a result of a carbon reduction reaction rather than improved selenium
replacement within the film. The change in orientation of the WSe2 platelets is also likely a
result of carbon contaminants present within the film structure, as perpendicularly oriented
platelets had been observed near contaminant sites on previously grown films as seen in Figure
3-8.
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Figure 3-8: Vertical growth of WSe2 off of contaminant particulate. The particulate also
appears to act as a nucleation site for formation of WSe2 along the film surface. Film was
selenized at 700 °C, 100 Torr, for 10 minutes using approximately 0.25 g Se and a heating
rate of 10 C/min.
As a result, uncoated carbon crucibles and susceptors were deemed unsuitable for formation of
WSe2 films, and all further experiments were conducted using either stainless steel or Inconel
susceptors.
3.1.3 Carrier Gas Effects
The possible etching of the WSe2 grains by the H2 carrier gas suggested that a pure hydrogen
environment could be the source of the extremely small grain size of the films, as hydrogen was
believed to serve as an etching agent possibly potentially preferentially attacking film grain
boundaries and therefore reducing film coalescence and preventing film grain growth. Literature
regarding the thermodynamics of the H-Se system revealed that this was indeed a possibility, as
previous studies had determined that H2 reaction with Se to produce H2Se gas according to the
equation
( )

(Eq. 3)
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was favorable at elevated temperatures 214. This theory also offered another possible explanation
for the increased density of films at higher system pressure, as H2 concentration within the
system was expected to decrease with increasing system pressure due to higher levels of
environmental contaminant gases such as O2 as shown in Figure 3-9.

Figure 3-9: Experimental K values for the formation of H2Se from H2 and Se and
extrapolated values from linear fitting 214.
While complete film selenization remained a challenge, the possible detrimental effect of the
pure hydrogen environment on film morphology prompted investigation into the effect of carrier
gas on film growth. Growths were again performed using 2 nm of WOx deposited on sapphire
and Si/SiO2, however a carrier gas of pure nitrogen was used rather than pure hydrogen. SEM
and Raman spectroscopy was performed on these films with results shown in Figure 3-10.
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Figure 3-10: Summary of results for pure nitrogen growths performed at 700 C in pure
nitrogen at a heating rate of 10 C/min and 2 nm WOx. a.) Triangular growth formed by
pellets on SiO2 using pure nitrogen flow b.) triangles showing fuzzy edges at different
regions suggesting lateral growth of film grains.
Contrary to previous reports stating that formation of WSe2 was thermodynamically impossible
without the presence of hydrogen gas, films were found to contain WSe2 as indicated by Raman
spectroscopy results. Film domains were found to again lie parallel to the surface for both the
Si/SiO2 and sapphire substrate samples, indicating that the perpendicular orientation of the
previous growth was indeed a result of the graphite crucible. Encouragingly, films were found to
consist of triangular domains, consistent with previous successful growths of few-layer
dichalcogenides by other research groups 130, although domain size was found to be only 10s of
nms for large regions of the sample. Small circular dots were observed at the center of each
triangle, suggesting that triangular formation was a result of outgrowth of WSe2 on the WOx
substrate due to deposition of small selenium droplets on the film surface, as a similar growth
mechanism had been noted for the formation of WS2 132. Several regions of the sample revealed
grains 100s of nms in size, and showed a “fuzzy” region around triangular grains which appeared
to have coalesced together at central locations. This was highly suggestive of lateral growth of
sample domains, indicating that hydrogen had indeed been acting to inhibit grain growth,
possibly by removing selenium from the system. In order to investigate whether slightly thicker
films would allow for increased grain size by offering more tungsten atoms for grain growth, 3
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nm WOx films were deposited onto sapphire and Si/SiO2 substrates and selenized using identical
conditions. Results of this selenization are shown in Figure 3-11.

Figure 3-11: Optical Micrograph revealing formation of large-area WSe2 hexagons on
sapphire generated using 3 nm WOx at 700 C 100 Torr 5 min.
Optical imaging revealed the presence of what appeared to be domains of WSe2 hexagons
measuring microns in size, substantially larger than any previously noted growth. Films again
displayed delamination, however delamination appeared to be considerably lower than had
occurred in previous samples. These results again seemed to confirm the detrimental role of pure
hydrogen on WSe2 growth, however the continued delamination of films in both cases suggested
that hydrogen was not the source of this effect.
3.1.4 Pressure Effects
To determine whether this effect was related to system pressure, a growth was performed at 700
C at an elevated pressure of 730 Torr in pure nitrogen, this time making use 2 nm WOx deposited
on sapphire. Results of this growth are shown in Figure 3-12.
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Figure 3-12: AFM for samples prepared using a 1:6 H2:N2 ratio at 750 C for 10 nm WOx
films prepared at (a&b) 1 Torr, (c&d) 10 Torr, (e&f) 100 Torr, and (g&h) 600 Torr.
Samples were rapidly heated at a heating rate of approximately 80°C/min. A, C, E, and G
were not annealed prior to selenization while B, D, F, and H were annealed under an
oxygen flow at 600 °C for 10 min at 10/L min O2 in an RTA furnace. Note that
microstructure is destroyed at elevated pressures. z-height ranging from ±10 nm for A, B,
C, D,E, and G, ±20 nm for F and H due to substantially increased roughness.
As can be seen, while the change in carrier gas resulted in a significant improvement in film
morphology, elevated pressures still promoted destruction of the grain structure. The
morphology differences and RMS roughness of the films display little trending, despite the effect
that all other experimental conditions were held constant. Raman spectroscopy was then
performed on films to determine if there was any unseen trending in sample thickness or
orientation that would become apparent from spectral data, with results shown in Figure 3-13.
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Figure 3-13: Raman spectra of amorphous WSe2 films shown in Figure 3-12. Spectra were
collected using a 633 nm laser. FWHM of the A1g/E2g peak is found to decrease
significantly with increasing pressure.
Raman spectroscopy showed a clear increase in intensity and reduction of the FWHM with
increasing pressure, consist with possible increase in film coverage which was indicated by AFM
results. The substantial difference in relative peak intensity of the second-order Raman
resonance peaks located near 400 cm-1 also indicated that the quality of samples was
substantially higher at elevated temperature. However, as increased pressure corresponded with
increased exposure time of the sample to selenium vapor, this improvement of quality is not
necessarily reflective that higher pressures correspond to improved WSe2 crystallinity or quality.
3.1.5 Heat Treatment Study
In order to investigate the effect of heat treatment on film formation, films were selenized using
three different heat treatments consisting of a one-step treatment at 750 °C and ramp rate of 10
°C/min, a one-step treatment held at 700 °C and 80 °C/min, and a two-step treatment using an 80
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°C/min ramp to 700 °C and held for 5 minutes followed by a hold for 5 minutes at 500 °C. All
selenizations were performed under what were believed to be the optimal conditions of 1:6
H2:N2, 400 mTorr system pressure with a charge of five selenium pellets. Films were then
characterized using AFM with results shown in Figure 3-14.

Figure 3-14: AFM images of a) sample synthesized using single-step 80 °C/min heating rate
b.) sample synthesized using 10 °C/min heating rate and c.) sample syntesized using a 500
°C hold followed prior to synthesis at 750 °C.
AFM of all three samples revealed particle formation across the surface as expected, although
significant differences were found in the nature of all three of these particles. The slowly heated
film displayed larger, less finely dispersed particulates than the quickly heated film, suggesting
particle diffusion and growth during the heating process. The two-step processed film
meanwhile displayed an extremely high density of relatively small particulates across the sample
surface. Taken together, these results suggest that particle growth across the film surface follows
a pattern similar to that of nucleation and growth of particles in liquid films, with nucleation
occurring at lower temperatures while particle growth is favored at elevated temperature. WOx
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is known to form a volatile water compound in the presence of tungsten, a property exploiting in
the tungsten processing industry, therefore particle formation suggested possible WOx flux
across the material surface prior to sample selenization.
In order to assess the degree of selenization that had occurred on the films, TEM was performed
on the slowly-heated sample along with EDS mapping with results shown in Figure 3-15.

Figure 3-15: a.) TEM image of WSe2 film grown using slow-growth procedure and b.) EDS
elemental map of W, Se, and Al atoms in film and surrounding regions.
TEM results for the films was markedly different than those seen for the first pellet synthesized
sample, with the EDS revealing the presence of an amorphous, aluminum-rich interlayer between
the WSe2 film and the sapphire substrate for all produced films. While it is possible this film is a
result of damage during FIB sample preparation, investigations into the Al-Se alloy system
revealed that formation of aluminum selenide was expected to occur under the experimental
conditions used for film growth, however aluminum selenide has been shown to be a relatively
unstable compound that decomposes into hydrogen selenide upon exposure to atmospheric
conditions. As a result, this interlayer was attributed to diffusion of Se to the sapphire substrate
after full selenization of the WOx layer, leading to the formation of an aluminum selenide
interlayer that was destroyed upon venting of the gas chamber.
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3.2 Growth of WSe2 in Hot-Wall Reactor
3.2.1 Initial Growths
Due to inherent irreproducibility in the pellet process and its inability to produce continuous,
atomically-smooth films, selenization experiments were moved to a hot-wall reactor system
which would allow for the continuous supply of a selenium overpressure during film growth.
This system also possessed the advantage of allowing for the use of temperatures upwards of
1000 °C, desirable as film growths had been shown to improve with increasing temperature up to
the maximum operating temperature of the cold-wall furnace. Knowledge gained from results of
the batch, cold-wall selenization processes were used to select initial run conditions, which were
set at 900 °C, 1 Torr, and a carrier gas ratio of 1:10 H2:Ar, approximately the lowest hydrogen
gas concentration that could be controllably implemented in the system. A heating rate of
10°C/min was used for all runs, the maximum temperature of which the furnace was capable.
Fully all growths, the furnace was cooled using an identical procedure whereby the furnace was
allowed to cool at a rate of approximately 10 °C/min to 600 C after which the pneumatic system
was opened to rapidly quench the system to room temperature. 10 selenium pellets weighing
approximately @#$ were placed at location upstream of the WOx substrates at a furnace
temperature of approximately 500 °C.

Optical microscopy and AFM performed on the sapphire

and SiO2 samples are shown in Figure 3-16.
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Figure 3-16: a&c) Optical microscope images and b&d.) AFM image of WSe2 film
produced at 900 C, 1 Torr for 1 hr using 1:10 H2:Ar ratio and 3 nm WOx on sapphire and
Si/SiO2 respectively. Film displays circular non-uniformities suggesting the deposition of
excess selenium powder on the surface, while AFM reveals a dense film featuring faceted
WSe2 nanoparticles.
Optical microscope results revealed relatively uniform WSe2 films across both substrates,
however the SiO2 substrate, which had been placed up-stream of the sapphire substrate, was
mottled with areas showing irregular darker regions as shown. Such irregularities had been
present before on earlier pellet-grown samples. This and the presence of black specks across the
sample surface led to the conclusion that while the process was capable of producing much more
uniform films than the pellet synthesis method, an excessive amount of selenium had been
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present in the system, leading to deposition of large chunks of selenium onto the substrate
surface. AFM imaging revealed drastically different microstructures for both samples, with film
grown on sapphire showing nanoparticle deposits decorating a relatively smooth film while the
SiO2 film was composed of cuboidal particle deposits hundreds of nanometers in size. The huge
size of these particles again suggestive of evaporation and transport of material from the surface
of the film, as it is possible that regions of material on the SiO2 substrate diffused across the
substrate causing the growth of particles across the SiO2 surface and deposition onto the sapphire
substrate. A potential second possibility was that the particle formation was the effect of a large
selenium overpressure. In order to determine if the results were indeed the effect of an
extremely large selenium overpressure, growth under identical conditions was performed using a
smaller charge of selenium powder. Raman spectroscopy revealed that WSe2 was again
obtained, however optical and AFM imaging revealed no sign of the black non-uniformities
found from previous runs. These results confirmed that there had indeed been an excess of
selenium in the system, therefore a charge of five pellets was used for all future runs. The
smoothness and uniformity of films produced using this method confirmed that constant
selenium pressure was needed throughout the growth in order to ensure production of highquality WSe2 films.
3.2.2 Temperature Effects
In order to investigate the effects of different processing parameters on film formation, a study of
the effect of temperature was first performed using 3 nm WOx films deposited on sapphire and
Si/SiO2 substrates under conditions of 1:10 H2:Ar, 100 Torr, and with results shown in Figure 317.
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Figure 3-17: Raman spectra of WSe2 films grown at varying temperatures using 100 Torr
and a carrier gas ratio of 1:10 H2:Ar.
Raman spectroscopy revealed comparable intensity and FWHM values between films grown at
750 and 900 °C, both of which displayed much higher intensity than films grown at 600 °C.
Attempted synthesis at a temperature of 1050 °C however resulted in a loss of the WSe2 signal,
suggesting degradation of the material. Based upon these findings further synthesis was
conducted using a temperature of 900 °C, as the similarity of the peak intensity and FWHM
between temperatures suggested either processing temperature was sufficient for film growth.
3.2.3 Pressure Effects
Having determined the temperature growth window for the production of WSe2 films,
investigations were performed into synthesis at different pressures. Raman spectroscopy for the
results of these experiments are shown in Figure 3-18.
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Figure 3-18: Raman spectra of WSe2 films grown under varying pressures at 900°C using a
1:10 H2:Ar ratio.
Surprisingly, Raman spectra revealed that while synthesis of WSe2 was again possible under a
wide range of pressures, a system pressure of approximately 10 Torr produced higher-quality
films than those formed at pressures of 1 or 100 Torr. This ran contrary to previous pellet results
were peak intensity had increased with increasing system pressure up to pressures of 600 Torr.
As previous pellet results had shown optimal synthesis at higher pressures, the improved film
quality at intermediate pressures was believed to be more indicative of actual favorable synthesis
conditions, with higher possible pressures for the batch process simply allowing for increased
selenium exposure time.
3.2.4 Carrier Gas Effects
The effect of carrier gas on growth within the system was investigated in order to determine
whether the presence of a constant selenium overpressure could allow for increased hydrogen
flow within the system. Results of this investigation are shown in Figure 3-19.
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Figure 3-19: Raman spectra of WSe2 films grown at varying carrier gas concentrations at
900°C, 10 Torr
Raman spectroscopy confirmed that small concentrations of hydrogen provided improved growth
conditions for the formation of WSe2 as compared to no hydrogen concentrations, however
elevated hydrogen concentrations led to film degradation and reduction in the intensity of the
central WSe2 peak. Furthermore, these results suggested that formation of WSe2 was similar in
carrier gases of both N2 and Ar, further verifying that N2 was not a reactive gas and that a high
selenium overpressure was all that was needed for WSe2 formation.
To investigate whether the constant selenium overpressure produced by the furnace had allowed
for full selenization of the film contrary to that seen by pellet synthesis, cross-sectional TEM
imaging was performed on a WSe2 sample grown on sapphire from 10 nm WOx at the conditions
of 750 °C, 1 Torr, 1:10 H2:Ar with EDS mapping conducted to verify film stoichiometry.
Results of this investigation are shown in Figure 3-20.
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Figure 3-20: a.) HRTEM cross-sectional image of WSe2 film grown on sapphire using 10
nm WOx at 750 °C for 60 minutes using a 1:10 H2:Ar carrier gas ratio and pressure of 1
Torr. An Al-rich interlayer can clearly be seen between the substrate and WSe2 film. The
red dot denotes the location of the collected EDS spectrum b.) which revealed a film
stoichiometry of approximately WSe1.98.
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Cross-sectional TEM revealed a structure consisting of approximately four layers of WSe2 with
lattice spacing of approximately 0.7 nm. EDS analysis revealed a film stoichiometry of WSe1.98,
suggesting full selenization of the film. No WOx interlayer was found by EDS analysis, with an
aluminum-rich interlayer instead found between the WSe2 film and sapphire substrate. This
suggested that there had indeed been insufficient selenium overpressure during pellet growth
runs, however the higher overpressure was acting to damage the substrate overtime.
3.3 Growth of WSe2 with DMSe
Growth using the hot-wall system revealed that a constant selenium overpressure was critical to
achieving uniform WSe2 films, however the system suffered from several disadvantages
including slow heating and cooling rates and an inability to precisely control the partial pressure
of selenium passed over the sample. As a result, investigations were begun in addition to pellet
selenization investigations using the reaction of the metal-organic precursor DMSe with WOx
films in parallel to investigations using the hot-wall reactor system.
3.3.1 Carrier Gas Effect
Initial selenizations were tested using pure hydrogen environments, however after studies
making use of pellets highlighted that nitrogen-rich environments might be more suitable for
WSe2 growth, synthesis was performed using the lowest hydrogen concentration possible in the
system with a carrier gas ratio of 1:6 H2:N2. SEM images revealed the apparent formation of
WSe2 hexagons with an example shown in Figure 3-21.
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Figure 3-21: SEM image of WSe2 film grown using DMSe selenization at 750 °C, 400
mTorr, 1:6 H2:N2 from 3 nm WOx deposited on sapphire.
As hydrogen was expected to alter the breakdown of DMSe in addition to controlling the
formation of WSe2 from Se and WOx, the study of carrier gas on growth was again performed
using 3 nm films of WOx deposited on sapphire and Si/SiO2 substrates with results shown in
Figure 3-22. All films were synthesized at a temperature of 750 °C and pressure of 400 mTorr as
these conditions had been shown favorable for pellet synthesis.
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Figure 3-22: AFM of WSe2 films synthesized at 750 °C, 400 mTorr for 10 min using 3 nm
WOx films and H2:N2 carrier gas ratios of a.) 1:6 b.) 1:2 c.) 1:1 and d.) 2:1
As can be seen, AFM revealed striking differences in film morphology, with increased hydrogen
producing significantly smoother WSe2 films than low hydrogen concentration growths
consistent with results for both the pellet and hot-wall reactor growths, however the extremely
low Raman intensity shown in Figure 3-23 again indicated a trade-off must be made between
film roughness and uniformity.
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Figure 3-23: Raman spectroscopy of WSe2 films grown using at 750 °C using varying
carrier gas concentrations.
As the system was designed to make use of H2 as a carrier gas for the DMSe precursor, use of
hydrogen concentrations lower than a 1:6 H2:N2 ratio were not possible.
To further confirm whether WSe2 had been successfully synthesized, XPS was performed on the
resultant film by Chia-Hui Lee with high resolution spectra performed on the W 4f and Se 3d
peaks. These results along with the survey spectra of the film are shown in Figure 3-24.
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Figure 3-24: XPS spectra of MOCVD sample in comparison to exfoliated sample. The
presence of WOx is not clearly seen in the W4f spectra.
Results of the survey spectra again confirmed a low level of impurity elements, although carbon
concentration still appeared to be relatively high. Spectra were similar between exfoliated and
MOCVD grown films, however the increased W5p3/2 peak intensity with respect to the W4f5/2
and W4f7/2 peaks of the MOCVD sample suggests that some oxide is potentially present in the
sample.
3.3.2 Temperature Effect
MOCVD processes commonly possess a narrow processing window in which films can be
successfully grown without carbon incorporation from breakdown of the precursor. An
investigation of growth temperature was therefore performed similar to that done for growths
using the DMSe pellets and selenization in the hot-wall system. Raman spectroscopy from the
temperature study is shown in Figure 3-25.
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Figure 3-25: Raman spectra of WSe2 grown using DMSe and WOx films in 1:6 H2:N2 gas at
400 mTorr and varying temperatures.
Consistent with results from other growth studies, Raman spectroscopy revealed that elevated
temperatures resulted in higher E2g/A1g peak intensities and reduced FWHM values suggesting
that elevated temperatures produced samples of higher crystalline quality as had been
demonstrated using the hot-wall reactor system. As a result, synthesis was performed at the
maximum system temperature of 750 °C for samples using the stainless steel susceptor and later
800 °C for samples using the Inconel susceptor.
3.3.3 Effect of Selenization Time
As the system possessed the advantage of allowing for constant control of selenium overpressure
throughout the synthesis process, experiments were conducted to determine if it would be
possible to improve sample crystallinity and grain size by prolonging exposure of the sample to a
selenium overpressure for an extended period of time. Samples were synthesized under the
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conditions of 750 °C, 1:6 H2:N2 carrier gas ratio, 400 mTorr total system pressure for growth
times of 10 and 60 minutes. Raman spectroscopy results collected for these growths is shown in
Figure 3-26.

Figure 3-26: Raman spectroscopy of growths performed at 10 and 60 minutes
As can be seen, exposure of the sample to DMSe for 60 minutes was found to result in a
significant reduction in peak intensity compared to growth performed at 10 minutes. As an
elevation can also be seen in the magnitude of the graphitic peaks of the sample, it seems likely
that this reduction is due to carbon incorporation into the film, the source of which is likely
incomplete breakdown of the DMSe precursor prior to exposure to the sample surface. This
study confirmed the use of a 10 minute growth time which was used for all future growth studies.
3.3.4 Two-Step Treatment Effect
As improvements to film quality were shown not possible using prolonged exposure of the film
to DMSe at an elevated temperature, an investigation was performed to determine if a two-step
process involving a lower temperature anneal could allow for improvement of film quality
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without allowing carbon incorporation into the film. Growths were performed using a
second-step 500 °C anneal for 60 minutes with continued flow of DMSe and without continued
flow of DMSe. Results are shown in Figure 3-27.

Figure 3-27: Raman spectroscopy of growths performed with varying post-annealing
conditions. All primary selenization treatments were performed at 750 °C, 400 mTorr for
10 minutes with a carrier gas ratio of 1:6 H2:N2
Anneal treatments were found in both cases to be detrimental to WSe2 growth, with significantly
reduced intensity of the WSe2 peak and elimination of second-order Raman vibrations. No
carbon contamination was indicated by Raman spectroscopy in any of the synthesized films,
suggesting that DMSe incorporation into the film increases at higher temperature. Surprisingly,
AFM results revealed no grain growth as a result of the post annealing, with films continuing to
display grain sizes on the order of 10s of nanometers. Along with the growth time study, these
results were taken as confirmation that the grain size of the films was being controlled by the
tungsten present on the substrate rather than quantity of selenium. Even though thermally
evaporated WOx films were expected to be relatively tungsten-rich due to a loss of oxygen
during evaporation, the relatively bulky size of tungsten atoms suggests that they will engage in
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limited diffusion throughout the material, as it is difficult to obtain the sufficient activation
energy required to move tungsten atoms from one location in the lattice to another. In addition,
the limited grain growth was suggested to be due to the extremely rapid selenization of the
tungsten oxide film to WSe2, as rapid reaction rates often produce nanocrystalline materials due
to the limited time to allow for rearrangement of the atomic structure.
3.3.5 Selenization Application Temperature Study
While studies thus far had offered insight into the processing conditions capable of producing
WSe2, formation of films featuring both extreme smoothness and substantial WSe2 Raman
spectra had been unproduced using DMSe synthesis, as films had instead shown the presence of
particulates decorating the film surface. Samples produced using the hot-wall system had
displayed extremely smooth films free of these particulates, suggesting a difference in film
morphology between these two processes. As films produced using selenium pellets in the
cold-wall furnace had also displayed particulates and delamination, it was suggested that this
difference was a result of the application temperature of selenium across the substrate, as
selenium evolution was expected to occur at temperatures significantly lower than the desired
reaction temperature. In order to determine if selenium application at lower temperatures would
indeed lead to reduced formation of particulates across the surface, WSe2 synthesis was
performed using DMSe applied at a temperature of 500 °C. The temperature profile for this
growth in comparison to previous growth runs, as well as AFM of films conceived under a
variety of selenium application conditions are shown in Figure 3-28.
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Figure 3-28: Heat treatments showing selenium application by b.) DMSe applied at
selenization temperature c.) selenium pellets in cold-wall reactor and d.) DMSe applied at
500 °C
Application of the selenium vapor at a lower temperature was found to be highly successful in
reducing film roughnesses, producing atomically smooth films as desired. This information
served as final proof that delamination of the substrate was a result of tungsten oxide removal
and delamination rather than loss of WSe2 from the substrate following annealing. This also
reinforced the explanation that film growth of WSe2 from surface diffusion mechanisms would
be much more difficult than that of WOx film growth. Finally, the strong similarity in film
morphology of the DMSe and hot-wall selenized films suggested that the selenium source did
not play a significant role in the selenization process. A comparison of Raman spectroscopy,
AFM data for films created using the two processes is shown in Figure 3-29.
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Figure 3-29: Comparison of DMSe versus hot-wall reactor grown samples using Raman
spectroscopy (a) with horizontal data in top insert figure and AFM imaging (b and c)
showing films grown using horizontal and DMSe processes respectively.
As seen, carrier gas concentration trends are similar between the two reactor systems, with
relatively similar roughness between film samples, although more precipitates are present on the
horizontally grown film.
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3.4 Growth of WSe2 with Annealed Oxides
Having now studied the effect of temperature, pressure, carrier gas, annealing treatment, and
effect of selenium application temperature, it was determined that formation of large-grained
WSe2 from selenization of amorphous WOx films was not possible, as all studies had made clear
that grain coalescence and surface diffusion of WSe2 were negligible. Faced with this fact,
studies were begun to explore the possibility of obtaining larger-grained WSe2 films by treatment
of the oxide prior to selenization. This was accomplished through the use of RTA treatments of
the deposited oxide films under oxygen environments. Initial attempts to perform these
treatments on 3 nm films of WOx resulted in substantial loss and destruction of the films,
prompting exploration of RTA annealing on thicker substrates, chosen to be 100 nm in thickness
deposited on sapphire and Si/SiO2 substrates at first to guarantee sufficient material would
remain following the annealing treatment. Following this annealing treatment, selenization of
the films was performed using the hot-wall reactor system in order to determine if grain size had
been improved. SEM results of this selenization are shown in Figure 3-30.

Figure 3-30: 100 nm WOx films deposited on a.) sapphire and b.) Si/SiO2 substrates
selenized in hot-wall reactor system. Note the apparent striation of grains into smaller
domains.
Larger apparent grain sizes appear to be present in the film, with domains upwards of several
microns in size present across the film surface, a substantial increase in comparison to films
produced from selenization of amorphous WOx. Grains appeared to be striated in some cases,
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suggesting either etching of the grain material during the selenization process or loss of tungsten
oxide during the synthesis heating step. Si/SiO2 films also displayed substantially increased
grain striation and break up into nanocrystalline domains in comparison to films grown on
sapphire substrates, suggesting that sapphire was superior for the synthesis process. As all
studies had consistently shown improved WSe2 films on sapphire substrates, synthesis was
shifted to focus on growth on sapphire substrates alone rather than Si/SiO2 substrates as well.
Due to the promising results of annealing treatments using the 100 nm WOx films, attempts were
made to use RTA on 10 nm films in order to obtain the thin-films desired for practical electronic
applications. Films were oxidized under 4L/min O2 gas at 500 °C for times of 2 and 30 minutes
in order to study the effect of anneal time on microstructural evolution. Results of this oxidation
are shown in Figure 3-31.

Figure 3-31: Microstructure of WOx films annealed using RTA system for anneal times of
a) two minutes and b.) thirty minutes.
AFM images revealed the formation of slightly smaller grains on the order of 500 nm for both
samples, suggesting a correlation between film thickness and grain size, again highlighting that
tungsten atoms serve as a limitation to grain growth in deposited tungsten dichalcogenide and
oxide materials. While the two-minute annealed oxide film was found to be relatively smooth
and free of deposits across the sample surface, large concentrations of small nanoparticles were
found across the thirty-minute annealed sample, suggesting surface diffusion and particle growth
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of tungsten oxide during the anneal. Raman spectroscopy results revealed that the predominant
phase of the oxide was a metastable hexagonal oxide phase rather than the thermodynamically
predicted orthorhombic phase of tungsten oxide, suggesting an attempt of the film to display
commensuration with the underlying hexagonal sapphire substrate. Furthermore, while
nonuniformities in the center of mass between the hexagonal and orthorhombic tungsten oxide
peaks were clearly visible for the 2 min annealed film indicating that the oxide existed in a
mixture of orthorhombic and hexagonal phases, the film annealed for 30 minutes displayed a
high degree of uniformity, suggesting total conversion of the oxide to the hexagonal phase.
Following characterization, both films were selenized using the optimal MOCVD conditions of
1:6 H2:N2, 400 mTorr, 10 minutes at a ramp rate of 80 °C/min with DMSe applied at a
temperature of 500 °C, and then again characterized using AFM and Raman spectroscopy.
Results of this process are shown in Figure 3-32.
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Figure 3-32: Selenization of RTA processed WOx films. Atomic force microscopy images of
oxide films annealed for a.) 2 minutes and b.) 30 minutes. Raman maps of the
characteristic E2g/A1g peaks for selenized films grown from oxides annealed at c.) 2 minutes
and d.) 30 minutes. Raman mapping was performed using a 488 nm laser.
AFM revealed the domain size of films transferred from the oxygen annealing treatment to the
selenized films was maintained, however secondary features were found to form across the top
of these grains, and the size of particles deposited across the 30 min annealed sample surface was
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found to increase substantially, both features again suggestive of surface diffusion across the
sample surface during the selenization treatment. Raman mapping investigating the location of
the central WSe2 E2g/A1g peak across the sample surface revealed that the inhomogeneity of the
oxide lead to inhomogeneity in the selenized film, highlighting the importance of obtaining
uniform WOx films prior to conversion to dichalcogenide compounds. In addition, notable peak
shape variation was shown for the E2g/A1g film in addition to differences in the location of the
peak maximum, suggesting disruption of the degeneracy normally existing in the E2g/A1g peak
possible due to strain differences across the film surface.
3.5 Growth of WSe2 on Layered Materials
Having determined the effect of a large number of parameters on the growth of WSe2 the
question remained as to the exact nature of the substrates on the effect on growth, as growths
using sapphire had demonstrated this to be a reactive substrate unsuitable for use with the growth
procedure. Natural substrates to explore were other two-dimensional layered materials, as these
materials were expected not to display any of the dangling bonds or high surface roughness that
could potentially plague the growth of atomically-smooth WSe2 films. Furthermore,
development of lateral structures of WSe2 paired with these materials offered the possibility for
generation of a large number of novel heterostructure devces such as photodetectors or tunneling
field effect transistors. As growth methods for creation of the layered materials graphene and hBN had been previously developed, growth on these materials was first explored to determine if
van der Waal’s epitaxy would indeed be possible.
3.5.1 Growth on Graphene
Growth on graphene was attempted using graphene synthesized from the sublimation of SiC as
described in Section 2. Graphene substrates were prepared by graduate student Yu-Chuan Lin
according to the procedure described in Lin e al 215. In order to determine the exact nature of the
growth, studies were performed simply investigating the deposition of WOx onto the substrate, as
the dramatic difference in surface energy and surface morphology of graphene compared to
Si/SiO2 and sapphire substrates were expected to produce dramatically different WOx deposition.
An AFM study was conducted to determine this growth difference in which graphene samples
prepared using 20% and 50% H2 etch were scanned prior to deposition of oxide, after deposition,
and after the standard anneal treatment used for other WOx films. Both 3 and 10 nm WOx films
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were deposited onto graphene substrates in order to observe any growth mode shifts resulting
from depositions beyond several layers in thickness. Depositions were conducted on the c-face
graphene, which was expected to display more layers of graphene on the SiC surface than the sface graphene. Results of this study are shown in Figure 3-33.

Figure 3-33: AFM images of the deposition of WOx on epitaxial graphene using a,b,c.) 3 nm
WOx and d,e,f.) 10 nm WOx. Images 1, 2, 3 correspond to graphene prior to deposition,
graphene with deposited WOx, and WOx following annealing in RTA furnace.
As can be seen, initial graphene samples displayed the atomically-smooth terrace structures
characteristic of epitaxial graphene displaying RMS roughness values of 0.441 nm and 0.643 nm
for the 3 and 6 nm samples respectively. While terraces are predominately uniform, they display
different thickness from one another that is easily visible in the AFM images. As the graphene
was not cleaned between the growth and WOx deposition steps, some particulates are present on
the film as seen in (d). Following deposition of oxide, both samples display similar growth
morphology, with the formation of oxide islands across the sample surface. This is characteristic
of a Volmer-Weber growth mechanism, and is typical of oxide films deposited onto van der
Waal’s materials due to the very weak wetting of the oxide with the substrate surface 216,217.
Island formation on different terraces proceeds differently, with some terraces displaying
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coarser, rougher domains of WOx than other terraces. This is likely a product of surface energy
differences within the film, as it is well documented that changes in graphene thickness produce
different surface energies that have significant effects upon film growth. The most surprising
results come from the post-annealing images in (e) and (f). While the 3 nm oxide film appears to
display particulate formation across the surface, the 10 nm oxide film shows what appears to be
regions of continuous growth across the surface. Particle formation on the 3 nm film is
consistent with simple surface flux of WOx across the graphene surface, leading to the growth of
tungsten oxide particles on the sample surface consistent with the previous grain growth results
seen for tungsten oxide films annealed on sapphire and Si/SiO2, and showing that there is no
significant change in the surface energy of the graphene as no change in particle wetting is noted.
Particles are randomly distributed across the surface with no significant difference occurring
between terraces of different thicknesses. In the case of the 10 nm film, oxide appears to have
grown laterally rather than vertically, with dendritic snowflake patterns evident at locations
across the surface as shown. The film also displays significantly reduced roughness compared to
the roughness of the film following oxide deposition, suggesting movement of oxide nanoislands
across the material surface. This is likely due to the reduced thickness of the step edges of the
epitaxial graphene substrate, possibly allowing for step flow growth of the oxide similar to the
step flow growth used to form epitaxial graphene on the SiC substrate 218. It is also possile that
this growth is a result morphology differences in WOx grain growth respect to thickness similar
to that demonstrated by Zhang et al.
Following investigations of oxide deposition properties, attempts were made to produce films of
WSe2 using selenization of 3 nm WOx films deposited on graphene substrates. Selenization was
performed in the hot-wall furnace system using a 20% H2 etched graphene piece at temperature
of 750 °C for 1 hour, pressure of 10 Torr, and carrier gas ratio of 1:10 H2:Ar. The sample was
then characterized in order to determine success of WSe2 formation. Figure 3-34 shows Raman
spectroscopy mapping of the sample following selenization.
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Figure 3-34: Raman map of WSe2 grown on epitaxial graphene. Map was performed
determining location of maximum of E2g/A1g peak between 200-300 cm-1 using a 488 nm
laser. Mapping revealed continuous WSe2 across the entire substrate. SiC peaks assigned
from reference peaks found in 219.
As can be seen, Raman mapping revealed the presence of WSe2 across the entire sample surface.
Differences in the maximum location of the E2g/A1g peak are likely due strain differences in the
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WSe2 film induced by irregularities in the underlying graphite/SiC substrate. As the spot size of
the mapping scan was on the order of 250 nm, determination of whether the film was uniform or
consisted of porosities or irregularities such as the shown by the oxide film in Figure 3-34 could
not be determined by this scan alone. Therefore, AFM scans were taken of the sample surface to
determine film morphology and roughness as shown in Figure 3-35.

Figure 3-35: AFM images of WSe2 grown on c-face epitaxial graphene. The presence of
triangles at wrinkles suggest these are a nucleation site for WSe2 growth. Coverage is
complete across the entire film surface.
As shown in the images, the graphene sample used in this selenization procedure displayed
terraces approximately 1 μm in length. The 10 μm image shown in Figure 3-35a revealed film
roughness to be relatively regular across the substrate, consistent with the Raman that the film
was indeed uniformly covered by WSe2. In order to investigate the exact nature of
microstructural features, an additional 2 μm micron scan was performed across the sample
shown in Figure 3-35b. While the majority of the film was revealed to be atomically smooth
with a roughness below the accurate detection limit of the AFM, elevated regions are found
criss-crossing the sheet which are indicative of wrinkling of the graphene as a result in the
difference between the coefficient of thermal expansion of graphene and the underlying SiC
substrate 220. The high concentration of WSe2 triangles along these wrinkles suggest that they
serve to act as nucleation sites for WSe2 formation, consistent with that seen for the growth of
MoS2 on graphene by Lin et al 215. In some areas these triangles appear to have coalesced into a
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continuous film. This suggests that the formation of the continuous WSe2 film is a result of
surface migration of WSe2 material across the substrate followed by nucleation growth at the
wrinkle locations. In addition, isolated regions of small triangles on the order of 10 nms in size
can be seen at locations in the center of the graphene terraces. This further suggests layered
epitaxial growth of the films, and is potentially indicative of the grain size of the material. In
order to determine grain size and the nature of the WSe2/graphene interface, cross-sectional TEM
was performed by Ning Lu from UT Dallas Texas with results shown in Figure 3-36.

Figure 3-36: Cross-sectional HRTEM Image of WSe2 grown on sublimated graphene. A
clean interface free of cross diffusion exists between the WSe2 and graphene layers. Color
has been artificially added.
HRTEM revealed a clean interface between the graphene and WSe2 films, with no sign of a
cross-diffusional layer such as that seen in growths on sapphire. EDS confirmed the
stoichiometry of the WSe2 film to be approximately 1:2 W:Se, with no sign of any major
contaminant impurities. d-spacing of the graphene and WSe layers was found to be
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approximately 0.3 and 0.7 nm respectively, consistent with previous growth results and literature
values 221,222. Waves in the WSe2 film indicated a grain size of around 7 nm, consistent with the
size of the triangles observed in AFM. This grain size is potentially a result of the propagation
of disorder across the graphene film moving from graphene located directly in contact with the
SiC substrate to the interface between the graphene and WSe2. Growth on silicon-face SiC
which is capable of producing single or few layer graphene would therefore be of interest in
order to determine whether larger grain sizes could be obtained.
3.5.2 Growth on h-BN
In addition to growths on graphene, studies were performed investigating the possibility of
growing WSe2 films on h-BN, with the hopes of further elucidating substrate effects on film
morphology. In order to accomplish this, films of h-BN were grown on copper substrates using
pyrolysis of a borazine precursor by graduate student Mike Breshnehan, and then transferred
onto Si/SiO2 substrates using a PMMA transfer process. A detailed description of this procedure
is described in 223. The transferred films did not fully occupy the entire Si/SiO2 substrate,
leaving the substrate’s edges free of h-BN. Using these transferred h-BN films, 3 nm WOx was
deposited onto several h-BN substrates. These substrates were then selenized using DMSe in the
cold-wall reactor system with a summary of results shown in Figure 3-37.
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Figure 3-37: Growth of WSe2 on transferred h-BN using MOCVD Process. a.) optical
micrograph of WSe2 on h-BN film b.) AFM of WSe2 in center of film and c.) AFM image of
WSe2 on Si/SiO2 substrate area free of h-BN film.
As can be seen in 3-37(a), while some wrinkling was introduced into the films as a result of the
transfer process, films demonstrated large areas of uniform h-BN suitable for large-area WSe2
growth. AFM revealed vast differences in microstructure between film growth in regions
featuring h-BN and the plain Si/SiO2 substrate. Significantly larger grain size is present on the
surface of the h-BN film, with the film morphology consistent with that of the boron nitride
substrate itself such as discussed by work by Breshnehan et al 223. This suggests van der Waal’s
epitaxy of WSe2 on the substrate, further suggesting that improved WSe2 film morphology may
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be possible by using other two-dimensional materials as substrates rather than traditional
substrates such as sapphire and Si/SiO2.
Raman spectroscopy was performed on the WSe2 film selenized using metallic pellets in the hotwall reactor system and is shown in Figure 3-38.

Figure 3-38: Growth of WSe2 on transferred h-BN using hot-wall reactor system. a.)
Raman spectra of film collected using 488 nm laser for spots shown by optical microscope
images b, c, and d.
As can be seen, little difference was seen for spectra collected at both wrinkle and bulk h-BN
locations, suggesting similar crystallinity and stress in WSe2 grown in these areas. However,
Raman spectra collected along the edge of the film free of h-BN displays a substantially higher
peak intensity and reduced FWHM, as well as more defined second-order Raman peaks near the
400 cm-1 range. This suggests that edge WSe2 is actually of higher quality than WSe2 grown on
h-BN, indicating that the crystallinity of the substrate plays a role in determining the quality of
the resulting WSe2 film.
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3.6 Growth of WSe2 Using W(CO)6 Precursor
Selenization of thin films of tungsten oxide was successful in producing uniform, large-area thin
films of controllable thickness, however the inability to achieve domain sizes larger than one
micrometer despite the wide range of processing conditions that were tested suggested that the
process was incapable of producing the large-area single crystal WSe2 films that would be
required for commercial production of WSe2 films for electronic and optoelectronic applications.
Due to the demonstrated success of forming large domains of dichalcogenide materials through
CVD methods, experiments were conducted to determine the feasibility of using MOCVD
methods to produce these large-grained films. The reaction of W(CO)6 with selenium was
chosen as the first reaction method of investigation, as this tungsten precursor displayed
substantially lower health risk and ease of handling in comparison to other precursors such as
WCl6 and WF6 224,118. Sapphire substrates were chosen for all synthesis processes.
3.6.1 Precursor Charge Study
In order to avoid depletion of the W(CO)6 source prior to reaction with selenium over the
sapphire substrate, the reaction was only capable of being performed in the cold-wall CVD
system. No bubbler was available for use in the system, therefore the process was conducted by
pre-weighing W(CO)6 powder and placing powder with the selenium pellets directly onto the
susceptor. Initial trials were attempted at the low pressures used for oxide selenization process,
however no WSe2 was detected upon the substrate, which was believed to be due to the rapid
sublimation of W(CO)6 under vacuum prior to the conduction of the reaction. Synthesis was
therefore performed at a pressure of 10 Torr. Various ratios of WSe2 to W(CO)6 were added to
the system in order to observe differences in film morphology as a result of whether growth
conditions were performed under W(CO)6 or Se-rich conditions. All synthesis conditions were
performed at 100 Torr and 700 °C under a flow of pure H2. Raman spectroscopy of these results
shown is shown Figure 3-39.
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Figure 3-39: Raman spectra of WSe2 films grown from reactin of W(CO)6 and Se over
sapphire substrates using varying ratios of Se to W(CO)6 charge in cold-wall reactor
furnace.
As can be seen, Raman spectroscopy confirmed the presence of WSe2 on the substrate in all
cases, however high W(CO)6 concentrations were found to result in improved resonant raman
peaks, suggesting W(CO)6 to be the limiting species in the formation of WSe2. AFM of films
grown on these substrates was also performed and is shown in Figure 3-40.
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Figure 3-40: Variation of WSe2 morphology with Se and W(CO)6 charge weight
approximately a.) 1:2b.) 5:1 c.) 10:1 and d.) 50:1 ratios of Se to W(CO)6 powder
Rather than a continuous films, the surface of the sapphire appeared to be decorated with
nanoparticles, suggesting gas-phase reaction of the precursor with the selenium vapor followed
by deposition onto the surface rather than a film growth following an adsorption-incorporation
process. A direct correlation between grain size of particles on the substrate and the amount of
powder added to the system was shown, along with increased particle size at increased selenium
concentration. This suggested that the formation of the particles was possibly limited by the
selenium concentration added to the system rather than the WCO6 charge.
3.6.2 Pressure Study
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The exact conditions for optimal WSe2 production were expected to be different for synthesis
using W(CO)6 than for WOx, therefore growth runs were performed again using a wide variety of
temperatures, pressures, and carrier gas flow rates. The first study investigated was for optimal
synthesis pressure, which was performed using sufficient powder charge to ensure formation of
WSe2 prior to total loss of W(CO)6. Raman spectroscopy of this pressure study is shown in
Figure 3-41.

Figure 3-41: Raman spectra of WSe2 films grown using reaction between W(CO)6 and
elemental Se under various pressures at 700 °C
As can be seen, the presence of WSe2 at 1 Torr synthesis pressure confirmed that failure to form
WSe2 had been due to W(CO)6 sublimation. The improved FWHM of the E2g/A1g peak
suggested the formation of superior quality films at higher pressures, although this was
potentially due to improved substrate coverage due to increased quantities of W(CO)6 available
for reaction.
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3.6.3 Carrier Gas Study
Carrier gas was next investigated, as previous studies had suggested that W(CO)6 decomposition
would be improved with increased hydrogen concentration 225. Raman spectroscopy analysis of
films formed using a variety of carrier gas combinations is shown in Figure 3-42.

Figure 3-42: Raman spectra of WSe2 films grown using reaction between W(CO)6 and
elemental Se using various carrier gases
No clear trend was observed for carrier gas flow, with an apparent increase in relative Raman
intensity for low H2 concentrations. The extreme increase in FWHM for the 2:1 N2:H2 synthesis
suggests poor quality WSe2, however pure hydrogen as a carrier gas resulted in relatively narrow
FWHM compared to the pure N2 and 1:2 N2:H2 films. Possibly, pure H2 allows for rapid
breakdown of the W(CO)6 into tungsten, which is then selenized into WSe2 on the substrate
surface. Meanwhile, pure N2 environments could allow for a prolonged presence of W(CO)6 in
the system, while intermediate concentrations produce inferior results compared to either
extreme.
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In order to better determine whether any undecomposed species of W(CO)6 or other undesired
product species existed within the film, XPS was performed on films grown at 750 °C for 10
minutes using a charge of approximately 0.25 g selenium and W(CO)6 at a pressure of 100 Torr
and carrier gas of pure H2, using a heating rate of 80 °C/min to obtain the final desired
temperature. Results of the survey spectrum are shown in Figure 3-43.

Figure 3-43: Survey spectra of film grown from reaction of W(CO)6 with Se
As shown, the extremely large height of the C Kll peak again suggests a large degree of carbon
incorporation with the film, which is expected due to the presence of carbon in the hexacarbonyl
source material. Carbon contamination in the film appears higher than that seen in either the
DMSe or pure selenium selenized films, suggesting that some of the contamination is possibly
due to WC from reaction of W with decomposed methyl groups, a reaction possible due to the
synthesis temperatures used and addition of methane into the system by use of the DMSe
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precursor 226,227. High-resolution spectra were also taken of the Se 3d and W 4f peaks with
results shown in Figure 3-44.

Figure 3-44: a.) W4f and b.) Se3d XPS Spectra of WSe2 synthesized from W(CO)6
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Examination of the W4f peak revealed an extremely high level of W-O present within the
sample, much higher than that observed from either the DMSe or Se selenized films. This is
likely due to the presence of unselenized WOx on the film substrate, as WOx forms as an
intermediate of the reduction reaction between W(CO)6 and H2 gas. Fitting of the W 5p3/2 peak
to its approximate location of 37 eV produces a low-intensity peak relative to the W4f peaks
found for W-Se bonding, suggesting again possible convolution of the WC and WSe2 peaks.
CHAPTER 4 – CONCLUSIONS AND FUTURE WORK
4.1 Conclusions from Growth Studies
4.1.1 Pellet Growth
Large-area WSe2 was successfully synthesized using reaction of WOx films deposited upon
sapphire and Si/SiO2 substrates with selenium pellets in a cold-wall reactor system. Thickness of
WOx was found to control the thickness of the selenized film, allowing for production of
continuous films of thicknesses 2 nm and higher. For films synthesized using small quantities of
selenium, XPS revealed the presence of WOx, which was shown by cross-sectional TEM to be
located at the interface between the WSe2 film and sapphire substrate. TEM further revealed the
films possessed a layered structure consistent with that of WSe2 films with grain sizes on the
orders of 10s of nms. SEM imaging showed the formation of WSe2 hexagons on deposited
films, with AFM showing the surface of films to be decorated with extremely small
nanoparticulates. Studies in pure hydrogen revealed increasing film coverage with increasing
system pressure, but no correlation between WSe2 domain size and growth time. An attempt was
made to conduct selenization of films using a graphite crucible, however carbon contamination
resulted in vertical growth of WSe2 platelets off of the sapphire and Si/SiO2 substrates rather
than desired planar growth. Growths in pure nitrogen were performed, producing triangular
growth of WSe2 crystals on substrates and grains showing signs of lateral grain growth.
Substantial delamination of WSe2 from the surface was seen in all pellet growth cases using pure
nitrogen environments. TEM analysis of selenized films produced using different heat treatment
profiles revealed that sapphire was a non-inert substrate for film growth, with WOx/Al2O3 acting
as a diffusion couple, resulting in destruction and damage of the sapphire likely due to formation
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of Al2Se3. AFM results of these films also revealed that particulate formation across the sample
surface likely involves a two-step nucleation and growth process, with nucleation occurring at
lower temperatures and particle growth at higher temperatures. An attempt at studying the effect
of pressure on growth revealed no trending in microstructure, therefore the pellet growth process
was deemed too unreproducible for effective WSe2 synthesis.
4.1.2 Hot-Wall Reactor Growth
WSe2 thin films were successfully synthesized using a hot-wall reactor system making use of
metallic selenium to place a constant selenium overpressure across the WOx film during the
growth. Studies of carrier gas, temperature, and pressure effects were conducted, revealing that
optimal film growth was obtained at elevated temperatures up to the maximum system
temperature of 750 °C, low (but non-zero) hydrogen concentrations, and low system pressures.
Similar to the pellet synthesis, an aluminum-rich interlayer was found between the WSe2 film
and sapphire substrate by cross-sectional TEM, suggesting the heating and cooling rate of the
furnace was insufficient for production of films on undamaged substrates. Atomically-smooth
films were produced from the growth process, revealing a continuous selenium overpressure was
necessary to prevent generation of rough particulates across the film surface.
4.1.3 DMSe Cold-Wall Reactor Growth
WSe2 was grown using a cold-wall reactor system and application of the metal organic precursor
dimethylselenide over WOx films. Optimal synthesis conditions were again determined from
growth studies, and were found to be similar to those used for synthesis in the hot-wall reactor
procedure, suggesting the DMSe source had little effect upon the film growth process in
comparison to the pure selenium source. Application of DMSe prior to reaching the desired
synthesis temperature was found to be critical in order to prevent film delamination and
formation of nanoparticulates across the selenized film surface. Annealing treatments
selenizations at prolonged growth times were found to be ineffective at generating increased
WSe2 grain sizes, suggesting that grain growth was limited by the presence of tungsten in the
film rather than a need for additional selenium vapor flow.
4.1.4 Growth with Annealed Oxides
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Oxide films annealed using an RTA system and O2 environment produced oxide films of
increased grain size. Film uniformity was found to increase with increasing anneal time.
Selenization of annealed oxide films produced WSe2 films retaining the microstructure of the
oxide, however some secondary features were revealed across the selenized grain structure, and
selenized 100 nm films displayed grain striations. Results suggested that final WSe2 morphology
was dominated by the morphology of the starting WOx film.
4.1.5 Growth of WSe2 on Layered Materials
WSe2 films were grown on epitaxial graphene and h-BN substrates by deposition of oxide onto
these materials. While oxide deposition on graphene was found to display island characteristics,
annealing of the oxide revealed surface diffusion that produced relatively uniform oxide films in
instances where the step thickness of the underlying epitaxial graphene substrate was small.
Selenization of oxides on graphene produced fully continuous WSe2 across the sample surface,
with secondary island formation of WSe2 triangles heavily concentrated around graphene
wrinkles. Raman spectroscopy revealed non-uniformities in the WSe2 film, while cross-sectional
TEM showed the grain size to be on the order of 10s of nanometers with a clean interface
existing between the WSe2 and graphene. Selenization on h-BN also produced fully continuous
WSe2 films for films grown using both cold-wall DMSe selenization and hot-wall selenization
processes, however AFM spectroscopy revealed that the nano-particulate nature of the
underlying h-BN substrate was transferred to the WSe2 film.
4.1.6 Growth of WSe2 using W(CO)6
WSe2 films were grown by reaction of the metal organic precursor W(CO)6 with selenium vapor
in a cold-wall reactor system. Raman spectroscopy revealed that WSe2 was obtained, however
XPS of the films showed a high carbon concentration possibly a sign of tungsten carbide
presence in the film. Growth studies revealed synthesis of the films could be carried out under a
wide variety of conditions, however high pressure conditions were found to produce films with
the highest Raman peak intensity and narrowest FWHM.
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4.2 Future Work
4.2.1 Large-Scale Growth Using Hydride Chalcogenide Gases
Hydride chalcogenide compounds such as H2Se and H2S are attractive for dichalcogenide
formation due to their absence of carbon and ability to precisely control the partial pressure of
the introduced chalcogenide. Initial investigations into their use were performed in collaboration
with Kyma corporation through the study of sulfurization of WOx films deposited on 4” wafers
using H2S gas. AFM and Raman mapping results of these WOx films are shown in Figure 4-1.

Figure 4-1: a&b.) AFM images and Raman spectroscopy map (c) of WOx deposited by
Kyma corporation on 4" wafers. Raman spectroscopy was performed using a 488 nm
wavelength laser looking at the center maximum location of the WOx peak located at
approximately 349-355 cm-1.
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AFM results revealed formation of a decorated microstructure suggesting inconsistent oxide
deposition. Raman spectroscopy also revealed variable location of the maximum of the
characteristic WOx peak, suggesting poor uniformity of the deposited oxide across the substrate.
As a result, oxide films 10 nm and 2 nm in thickness were deposited at Penn State and then
shipped to Kyma corporation for sulfurization, as superior oxide control had been demonstrated
by the WSe2 growth runs.
After deposition, samples were shipped to Kyma were sulfurization was performed H2S gas
under undisclosed conditions. Raman mapping results looking at the location of the maximum
of the characteristic E2g and A1g WS2 peaks are shown in Figure 4-2 below.

Figure 4-2: Raman mapping of 10 nm WOx (a and b) and 2 nm WOx (c and d) films
deposited on 4" wafer and surlfurized using H2S gas by Kyma corporationn. Thicker
films show higher uniformity than thinner films.
The 10 nm film was shown to display superior uniformity than the 2 nm film, likely due to
movement of oxide prior to sulfurization, similar to the process seen during WOx selenizations.
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Nevertheless, wafer-scale synthesis was clearly demonstrated from this process, offering the
possibility for its use in producing extremely large-scale films of dichalcogenide compounds.
4.2.2 Formation of WSe2/MoS2 Heterostructures
WSe2/MoS2 heterostructures are of extreme interest in many potential applications including
vertical p-n junctions for LEDs and other optoelectronic devices as well as tunneling transistors.
To see if this was possible, oxide deposition was performed onto MoS2 substrates grown on
eptitaxial graphene by graduate student Yuchuan Lin. This oxide was then annealed using a RTP
furnace, with AFM results for each step of the process shown in Figure 4-3.

Figure 4-3: a&d) MoS2 grown directly on epitaxial graphene b&e) film morphology after
deposition of WOx and c&f) film morphology following annealing of WOx/MoS2/graphene
film.
WOx depositions effectively covered the substrate, however upon annealing the underlying MoS2
microstructure was destroyed, producing non-uniform, delaminating films. Likely this was a
result of sulfurization of the WOx by sulfur in the MoS2 film. These results demonstrate that
heterostructure formation using oxides deposited on previously grown dichalcogenides is likely
not possible, unless selenization of the oxide can be performed at a temperature below that at
which MoS2 reacts with the deposited oxide. Exploration as to the possibility of performing the
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reaction in the reverse order (growth of MoS2 on selenized WOx films) is of interest, as it is
possible that this could be done by CVD deposition of MoS2 on a substrate of WSe2 kept at low
temperature.
4.2.3 Synthesis of MoSe2 and Other Selenides
The success of selenization of WOx suggests that selenization of other transition metal oxides
may be possible. In order to explore this possibility, 10 nm MoOx films were deposited onto two
sapphire substrates using a thermal evaporation process nearly identical to that used for WOx
deposition. One film was annealed using the standardized WSe2 annealing process, while the
other was left untreated. Both films were than selenized using selenium pellets under the optimal
processing conditions for WSe2 selenization described in Chapter 3. Optical microscopy and
AFM results of this selenization are shown in Figure 4-4.

Figure 4-4: Optical micrographs showing deposited MoOx films before (a) and after (b)
annealing. Selenization of these films led to delamination as seen in (c) and (d). Film
delamination is evident for both annealed and unnannealed samples, confiming MoSe2 as
the delaminating material rather than MoOx. AFM imaging (e) reveals an atomically
smooth film with nanoparticulate domain size.
Optical microscopy revealed that deposition of the oxide and the oxide annealing treatment were
successful in producing uniform oxide films. Following selenization, film delamination was
seen from the surface of the film similar to that found for WSe2, suggesting a similar selenization
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transformation between MoSe2 and WSe2. AFM of the as-deposited selenized film revealed that
the film consisted of atomically-smooth, nanosized domains. Raman spectroscopy was
performed on the two samples to confirm generation of WSe2, with results shown in Figure 4-5.

Figure 4-5: Raman spectroscopy of selenized as-deposited and annealed MoOx films on
sapphire.
Generated Raman spectra were found to match the spectra of MoSe2 from literature, suggesting
successful film selenization. The greatly increased Raman intensity and improved FWHM of
MoSe2 selenized using the unnanealed sample suggests film degradation or loss during
annealing. Overall, results from this selenization are promising and suggest that the process is
indeed applicable for the formation of other selenium TMD compounds.
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APPENDIX - DETAILED EXPERIMENTAL PROCEDURES
WSe2 Metallic Selenium Pellet Synthesis Procedure
1.) All power, gas flow control, and pressure control systems were switched on and checked
to ensure proper calibration and connection.
2.) A flow of 30 sccm of nitrogen was moved through the system prior to opening the reactor
to prevent introduction of dust and humidity from opening the system.
3.) The susceptor holder was removed from the system by first disconnecting the connection
between the thermocouple and Ameritherm controller and then unscrewing a vacuum
clamp located at the bottom of the system.
4.) After removing the holder from the reactor, the susceptor and susceptor holder were
placed onto a clean laboratory towel while still maintaining nitrogen flow through the
system.
5.) If the liner tube in the system was dirty from runs using either different synthesis
methods or was showing signs of precursor delamination from the sides of the cold wall
reactor tube, the tube was removed and replaced with a clean liner tube by disconnecting
a second vacuum clamp and carefully removing the inner liner tube from the central
reactor tube.
6.) The susceptor was placed onto the susceptor mount and carefully loaded into the furnace.
The susceptor mount was then clamped back into place in order to ensure the system was
proper sealed, and the connection between the thermal couple and Ameritherm power
supply was reattached. Afterwards, nitrogen flow through the system was ended.
7.) A vacuum was pulled with all possible valves open but no gas introduced into the system.
If the system was found capable of reaching a base pressure of in the miliTorr range the
system was accepted as being close to leak-free. Higher base pressures were taken as
indicative of leakage, requiring readjustment of vacuum connections until a sufficiently
low base pressure was produced.
8.) Cooling water was begun through the system in order to ensure the reactor walls were
kept at a sufficiently low temperature.
9.) The nitrogen dilution system was activated, and hydrogen flow through the purifier was
opened and allowed into the reactor.
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10.)

A hydrogen bake was performed on the system in order to remove undesired

moisture and contaminants from the system. A hydrogen flow of approximately 400
sccm was run through the system while heating the system to the maximum system
operation temperature of approximately 800 °C at a pressure of 100 Torr. This
temperature was held for 20 minutes, upon which the system was allowed to cool to
below 100 °C.
11.)

The system was opened using the same procedure as described in 2-4 and 6.

12.)

The desired substrate(s) were placed onto the center of the susceptor, while the

desired quantity of selenium pellets (generally five) were placed at even spacings around
the outside of the susceptor holder in a specially designed trench. A drawing showing the
susceptor with a loaded substrate and selenium pellets is shown in Figure 23432 below.
13.)

The base pressure of the system was once again checked to ensure that no leaks

were present in the system.
14.)

The desired thermal program for the run was configured using the Eurotherm

control system. Gases to be used during the run were set to desired flow rates by opening
appropriate valves and MFCs. Afterwards, the synthesis run in the furnace was started.
15.)

Following completion of the run, the system was allowed to cool to

approximately 125 °C. A pump-purge cycle was then used to remove toxic gases from
the system. This was accomplished by pumping the system down to its minimum base
pressure and then refilling the system to a pressure of approximately 400 Torr using
nitrogen gas. This pump purge process was then repeated three times.
16.)

If the run performed was the final run for the day, hydrogen flow through the

purifier was closed off, and all lines were then fully evacuated by pulling of a vacuum in
order to remove any remaining hydrogen gas. Afterwards the system was refilled to
atmospheric pressure using pure nitrogen gas The system was then opened and unloaded
as described previously, taking care to avoid accidental scratching or dropping of the
samples.
17.)

The sample was removed from the susceptor and the susceptor and its holder were

then reinserted into the system. All system components were then turned off or closed
beginning with the system cooling water.
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WSe2 Dimethylselenium Synthesis Procedure
The synthesis procedure for formation of WSe2 using DMSe was similar to that performed using
metallic selenium, with the following differences:
1.) No metallic selenium pellets were loaded alongside the oxide containing substrate during
the experiment.
2.) Prior to start of the growth run, hydrogen gas was blown through a bypass valve
connected to a bubbler containing DMSe in order to condition the lines prior to growth.
Manual safety valves on the DMSe bubbler were also opened, gas flow was prevented
through entering the bubbler through the use of a pneumatic valve system. A pressure
controller was used to set the pressure of the gas blown through the lines at 760 Torr.
3.) At the desired temperature, gas flow was quickly switched from the bypass valve to
through the DMSe bubbler.
4.) In order to end DMSe exposure, hydrogen flow was quickly switched back from the
DMSe bubbler to the bypass system.
5.) Following completion of the run and prior to opening the furnace, the manual safety
valves were closed in order to prevent accidental release of DMSe.
W(CO)6 and Metallic Selenium WSe2 Chemical Vapor Deposition Synthesis Procedure
CVD using the reaction of W(CO)6 and metallic selenium was performed in the cold wall reactor
using a procedure identical to that of synthesis using metallic selenium with the following
exceptions:
1.) Substrates placed on the susceptor were cleaned prior to insertion in the system, but were
free of deposited tungsten oxide films.
2.) Both selenium pellets and W(CO)6 powder of desired quantities were weighed prior to
placement on the susceptor. While metallic selenium pellets were again placed at equal
spacing in the susceptor ridge, W(CO)6 powder was spread into the sample ridges on the
susceptor using a glass slide. Afterwards, the substrate was placed into the center of the
susceptor and the system was loaded as before.
3.) It should be noted that due to the high volatility of W(CO)6 under vacuum, speed was
needed to prevent significant loss of W(CO)6 precursor prior to the start of the run.
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Hot Wall WSe2 Synthesis Procedure
1.) Due to the large size of the furnace, a hydraulic system was used to lift the top of the tube
furnace in order to view boat loading locations during the procedure.
2.) System vacuum was broken by fully closing the pressure control valve connected to the
system, removing the flange clamp on the inlet of the system, and then filling the system
with nitrogen. Upon reaching a high enough pressure, the system inlet fell off from the
inside of the system, with a cardboard box used to catch the inlet to prevent damage to
the vacuum component.
3.) As the furnace was used for the processing of multiple material systems, a liner tube
system was used in order to prevent cross-contamination between processes. If the liner
tube in the system had been previously used for a different synthesis process, it was
removed from the tube and stored in a storage box. Quartz wool was used to prevent
flow of selenium or other damaging precursors into the system pump, and was therefore
removed from the tube prior to being placed away. Fresh quartz wool was then placed
onto the end of the tube designated for the synthesis process, and the tube was placed into
the system with its center directly aligned with that of the center of the primary tube.
4.) A quartz boat was added to the system, followed by placement of sample substrates onto
the boat surface using tweezers. The boat was then placed at the desired location
(generally at the center of the furnace) using a long metallic hook, taking care not to
disturb the substrate from the top of the boat.
5.) A second boat was placed into the system and then loaded with the desired selenium
precursor quantity of generally 0.25 grams of selenium pellets. This boat was then placed
at a location in the furnace expected to exist at 500 °C, as this temperature was found to
produce a sufficiently high selenium overpressure throughout the entire synthesis
procedure.
6.) Making sure that nitrogen flow from the inlet was turned off, the inlet component was
reattached to the system and then resealed using a vacuum clamp. A vacuum was slowly
pulled on the system by opening the system throttle valve and the system pressure was
monitored to ensure that a base pressure in the milliTorr range was obtained. This was
indicative of a system free of leaks.
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7.) Gas flow into the system was begun by opening flow from desired gas cylinders. Options
for gas flow into the system included hydrogen, nitrogen, and argon. Quarter turn valves
necessary for each gas flow were opened, and desired flow for each gas was set on the
MFC control box using a precision screw driver.
8.) The throttle valve was set to control the system at the desired pressure. Generally a 10
Torr monometer was used to monitor the gas pressure, however a 100 Torr monometer
was used to measure system pressures greater than 10 Torr.
9.) The furnace top was closed using the hydraulic system. The temperature program for the
run was set on the front of the system. Generally, this consisted of a three step process, a
rapid heat to 500 °C at 25 °C/min, a ramp to the final system temperature at 10 °C/min
and subsequent hold at this temperature, and a rapid cooldown following completion of
the treatment. The furnace top was opened at a temperature of 600 °C in order to cool the
system more rapidly. The top was not opened below this temperature in order to avoid
damage to the furnace insulation.
10.)

All gases supplied to the system were turned off and all valves and MFCs used

during the system operation were turned off.
11.)

A pump/purge procedure similar to that used for the cold-wall reactor system was

used in order to remove toxic gases from the system. Upon reaching a temperature below
200 °C the system was pumped down to base pressure by fully opening the pressure
control throttle valve. Then, nitrogen was flowed into the system at a rate of
approximately 5 L/min for three minutes in order to obtain a pressure in the system of
approximately 400 Torr. Afterwards, the system was pumped down once again and the
process was repeated four times. Generally the entire pump-purge process took
approximately one hour to complete.
12.)

Following the pump purge process, the system was opened using the same

procedure used at the beginning of the run. Sample boats were then removed, taking care
not to drop or scratch the sample substrate. The system was then resealed and placed
under vacuum.
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