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ABSTRACT

This body of work outlines the feasibility of a tellurium-oxygen ion exchange in tungsten oxide (WO3)
thin films as a means of synthesis for tungsten telluride (WTe2) crystals. Tungsten telluride belongs to a
class of layered, two dimensional materials called transition metal dichalcogenides (TMDs) which have
garnered an enormous amount of attention in recent years due to their unique material properties at the
nanoscale and their many exciting applications, particularly in the next generation of scaled down and
high performance semiconductor devices. The large majority of existing scientific literature on WTe2 is
dated and solely focuses on the synthesis of either powdered or single crystal bulk WTe2 samples. To
date, no research has been conducted on the nanoscale synthesis of WTe2 by a conventional thin film
deposition method. This lack of investigation into a promising next generation semiconductor material
combined with the rapidly growing interest in MoS2 and similar tungsten TMD compounds such as WS2
and WSe2 is impetus for research into the synthesis, characterization, and application of WTe2. This
tellurium-oxygen exchange reaction, or tellurization, of WO3 thin films has been pursued in this research
as an avenue for WTe2 growth because it is a synthesis technique very similar to the sulfurization and
selenization of molybdenum and tungsten oxides for successful growth of MoS2, MoSe2, WS2, and WSe2.
However, this research has found that the various processing conditions attempted for tellurization of
WO3 thin films in this thesis did not yield WTe2 crystals. Unfortunately, tellurization of WO3 does not
seem to be a viable or practical synthesis method for WTe2 nanosheets, and research focuses should
perhaps be devoted elsewhere. Yet, this research will hopefully shed light on the kinetics of WTe2 thin
film growth and provide meaningful insight into future work suggestions.
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III.

INTRODUCTION

a. Problem Statement and Objectives
Since the successful isolation and facile visual recognition of stable, atomically thin graphene on
SiO2 substrates by Andre Geim and Konstantin Novoselov in 20041–4, there has been a rapid explosion of
research into other graphene-like two dimensional materials such as hexagonal boron nitride (h-BN),
transition metal dichalcogenides (TMDs), and other layered van der Waals solids due to their fascinating
and unique material properties as single and few-atom thick nanosheets that are absent or greatly
modified from their bulk forms. One of the most interesting and versatile class of two dimensional
materials being explored currently is transition metal dichalcogenides, which show promise for a host of
applications including high surface area electrodes for lithium ion batteries, supercapacitors,
photovoltaics, optoelectronics, and scaled-down high-performance electronic devices5–7, among others.
The most extensively studied compound from this diverse TMD family is molybdenum disulfide (MoS2).
One of the most promising and interesting properties of MoS2 and other semiconducting transition metal
dichalcogenides is its transition from being an indirect bandgap semiconductor in bulk form to a direct
bandgap semiconductor as a monolayer5. In this way, MoS2 and other semiconducting TMDs have proven
effective as channel material in field effect transistor (FET) proof-of-concept demonstrations8–15 and are
being investigated extensively for logic circuits, flexible and transparent large area electronics, displays,
and other high performance electronic applications. Other molybdenum containing TMD compounds such
as MoSe2 and MoTe2, where sulfur has been substituted for larger chalcogen atoms, in addition to their
tungsten transition metal counterparts (WS2, WSe2, and WTe2) have shown or are expected to display
similar electronic properties in their monolayer form. Following the successful synthesis and application
of WS2 and WSe2 monolayers, the TMD next in line for investigation as a candidate material for
advanced electronic device applications is WTe2.
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To date, synthesis of WTe2 thin films has never been demonstrated in literature; there is no
known thin film deposition method for WTe2 synthesis which is motivation alone for research. In fact,
there has been little research on bulk WTe2 with a majority of the literature coming from the 1960s. Bulk
WTe2 has been grown in powder form in extended high temperature reactions while bulk, single crystal
WTe2 has been grown by chemical vapor transport methods in order to study crystal structure and various
material properties16–22. Fortunately, there are several promising existing templates for TMD single and
few-layer synthesis that might be suitable for WTe2 thin film growth. One promising route that we are
exploring is the vapor phase tellurization, or tellurium-oxygen ion exchange, of WO3 thin films in a high
temperature furnace. This paper will explore the effect of three major factors on tellurization and resulting
film morphology: substrate temperature, thickness of WO3, and effect of annealing of WO3 before
tellurization. This research will hopefully provide insight into the kinetics of WTe2 formation as well as
spell out the next step in trying to synthesize WTe2 monolayers.

b. Literature Review
i. Properties of Transition Metal Dichalcogenides
The successful exfoliation and characterization of single-atom-thick layers of graphene in 2004
by Andre Geim and Konstantin Novoselov demonstrated the possibility of isolation of stable, nearly
charge neutral graphene as well as the existence of its unique physical properties1. Graphene is a
fundamental allotrope of carbon and consists of a hexagonally arranged lattice of sp2 bonded carbon
atoms. Graphene has been shown to possess extraordinary electronic, optical, mechanical, and thermal
properties as a result of its high surface area, two dimensional geometry. In addition, a host of novel
physics and fascinating phenomena have been observed in graphene including valley physics, room
temperature quantum hall effect, and massless Dirac fermions1–4. As a result of its versatile properties,
graphene has been and continues to be explored for a wide range of applications from high speed
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electronics to chemical sensors. Since its discovery, graphene has not only become the most active field
of research in materials science and condensed matter physics, but it has also sparked a renewed interest
in other two dimensional materials.
Two dimensional materials are materials in which the atomic organization and bond strength
along two-dimensions are similar and much stronger than along the third dimension, namely the
orthogonal or out-of-plane direction. While bulk materials like graphite, which is comprised of two
dimensional structural units or layers of graphene, have been studied extensively in past decades, the
possibility of stable, freestanding 2-D layers with thicknesses less than 1 nanometer had not been thought
realistically feasible until the breakthrough with graphene in 2004. The most common class of crystalline
materials possessing this two dimensional designation is layered van der Waals solids. This group of
materials consists of neutral single-atom-thick or polyhedral thick layers of atoms connected by strong
covalent or ionic bonds. Individual layers, or monolayers, are held together along the third axis by weak
van der Waals forces, which leads to easy exfoliation of crystalline thin films and single and few layer
flakes. Like graphene, single and few layers of layered van der Waals solids offer unique chemical and
physical properties due to their inherently thin planar geometries and resulting confinement effects.
Unlike graphene, however, some van der Waals solids possess a nonzero bandgap, which makes these
materials more suitable for certain digital logic applications.
The most studied family of layered van der Waals solids is transition metal dichalcogenides.
Transition metal dichalcogenides have a stoichiometry of the form MX2, where M is a transition metal
from the periodic groups 4 – 10 and X is a chalcogen such as sulfur, selenium, and tellurium. It is
important to note that only groups 4-7 are predominantly layered and are of particular interest to this
research focus. TMD monolayers consist of hexagonally arranged transition metals sandwiched between
two layers of chalcogen atoms, usually covalently bonded. See figure 1. These monolayers are typically
6-7 Angstroms thick and separated from other layers by a roughly equivalent distance. Individual layers
experience interlayer van der Waals bonding with energies around 40-70 meV, much less than covalent
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bonding energies which typically range from 200-600 meV5.These weak van der Waals forces in
combination with relatively stable monolayer chemistries are responsible for the highly anisotropic
properties of TMD
materials and the easy
separation and
exfoliation of layers
between planes.
In general, Figure 1: (a) Atomic structure of MoS2, a TMD of high interest. Mo atoms are black, and S atoms are
yellow. (b) Top down view of MoS2 honeycomb structure6.

bulk layered
TMDs span a wide range of material classifications from insulators to semiconductors to metals and have
various crystal structures. Altogether, there are around 40 TMD compounds offering a diverse array of
chemistries and properties5. Bulk TMDs have been studied extensively since the 1960s, and researchers
have since discovered several exciting low temperature phenomena at the macroscale such as
superconductivity, charge density waves, and a metal to non-metal Mott transition23–26. Among these,
semiconducting TMDs, particularly tungsten and molybdenum compounds, are of the highest interest for
electronic and optoelectronic devices. The true excitement and technological potential of TMDs becomes
apparent when they are reduced from three dimensional solids to two dimensional sheets. In two
dimensions, the electronic band structure and related transport and optical properties are dramatically
altered due to quantum confinement. Some semiconductor TMDs with indirect bandgaps in their bulk or
multilayer form become direct bandgap semiconductors as monolayers. The size of the bandgaps for
several isolated TMD monolayers increases on average 50% over their bulk indirect bandgap values5.
Furthermore, this quantum confinement in monolayers can also give rise to strong photoluminescence,
and this has been reported for monolayers of MoS2, MoSe2, WS2, and WSe227–31. For example, one TMD
compound of high interest is MoS2, whose bulk indirect bandgap (Eg=1.29eV) transitions to a direct
bandgap (Eg=1.90eV) as its thickness is decreased to a monolayer27. This change in electronic properties
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represents one of the greatest advantages over zero bandgap graphene, especially for use in logic circuits
and other low power electronic applications. Semiconducting TMDs offer a range of bandgaps, can be n
or p type, and can be indirect or direct. Overall, TMDs are naturally abundant, diverse, and their surfaces
can be functionalized unlike graphene which is largely chemically inert.
There are a multitude of applications for TMDs due to their large surface area and wide range of
exciting electrical, chemical, mechanical, and optical properties. A common industrial application of bulk
form TMDs is high temperature solid lubrication due to anisotropic behavior and easy horizontal cleavage
due to weak interlayer bonding. Energy storage specific applications include supercapacitors and
intercalating electrode material in lithium ion batteries. They also show promise as electrocatalysts for
hydrogen evolution and hydrosulfurization. Most importantly, TMDs have been investigated and
proposed for flexible and transparent electronics, optoelectronic devices, and many other high
performance electronic devices including FETs, thin film transistors, and tunneling transistors. The
opportunity for advanced materials and applications will only increase as researchers explore the wide
array of TMD compounds, the effect of dopant levels, and combination of TMDs with other two
dimensional materials in layered structures such as exotic superlattice configurations and heterojunction
arrangements.
WTe2 remains a largely unstudied material to this day with the majority of research being
conducted decades ago. WTe2 is a grey crystalline solid with a density of 9.43 g/cm3, a molar mass of
439.04 g/mol, and a melting point of 1020˚C. First principle calculations and experimental measurements
have been done on powdered and small single crystal WTe2 to determine various material properties, but
most of these bulk properties offer little insight into thin film synthesis methods. Once monolayer and few
layer WTe2 crystals are successfully isolated, then it might be prudent to corroborate crystal structure,
space group, and related structural parameters and information with data from past WTe2 literature.
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ii. Synthesis of Two Dimensional Materials
The most crucial step in continuing research and development of single and few-layer TMDs is
the synthesis of these materials. There are three major synthesis methods of TMD nanosheets: mechanical
exfoliation, chemical exfoliation, and traditional thin film deposition techniques, particularly chemical
vapor deposition (CVD). Mechanical exfoliation, also known as the “Scotch tape” method or
micromechanical cleavage, is a physical “top down” synthesis method in which thin flakes of material are
removed or peeled from a bulk sample of the same material using an adhesive such as tape. Typically,
increasingly thinner flakes are continuously removed by adhesive tape from larger flakes until a single
monolayer of material is left. In addition to being an extremely simple technique in both theory and
execution, mechanical exfoliation also provides the highest-quality monolayer samples. This method is
best suited for study of condensed matter physics and proof-of-concept demonstrations requiring small
amounts of pristine material. Geim and Novoselov used mechanical exfoliation to produce atomically thin
graphene in their Nobel Prize winning work in 20041, and it continues to be used today in small scale
synthesis of graphene as well as TMD monolayers. However, the “Scotch-tape” method has its
limitations; this technique can understandably only provide very limited quantities of flakes with very
small areas, is not a repeatable process, and cleaved material must be transported to a suitable substrate
for imaging and applications. Therefore, this method for single and few layer TMD synthesis is not a
scalable method rendering it highly impractical for large scale device manufacturing.
Another problem of mechanical exfoliation of TMDs is the sometimes challenging preparation of
pure stoichiometric bulk TMDs which is an obvious necessity for mechanical exfoliation32. For example,
the selenides and tellurides of niobium, tantalum, molybdenum, and tungsten tend to thermally
decompose rather than melt posing a problem to the preparation of crystalline material17. The first report
of synthesis of WTe2 single crystals, although unintended, was by Knop and Haraldsen16. In this study,
stoichiometric amounts of W and Te powders totaling 15-20 grams were put into a degassed clear quartz
ampoules, evacuated to 10-6 mmHg (1 mm Hg = 1 Torr), then heated to 700-800˚C for several hours in a
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vertical tubular furnace. Once cooled, this alloy was further crushed and ground to 100 mesh, thoroughly
mixed, then annealed at 500˚C for several days. A small single crystal of WTe2 was found within the
otherwise fine WTe2 powder reaction product. This process of heating stoichiometric amounts of tungsten
and tellurium powders usually only results in polycrystalline WTe2 powdered reaction product, and it is
highly unreproducible with extremely long reaction times. The standard technique used to produce bulk
TMD single crystals, including WTe2, is chemical vapor transport (CVT). In typical CVT, very precise
stoichiometric amounts of high purity (~99.9% purity) transition metal and chalcogen components are put
in an evacuated quartz ampoule along with a transporting agent (iodine, chlorine, and bromine). The
quartz tube is heated by a furnace and subjected to a temperature difference between the two ends.
Volatile gases are produced in the hot zone, and the TMD solids are formed in the cold zone, in an
endothermic reaction. Brixner was one of the first to produce single crystalline WTe2 by CVT17. First,
about 20 grams of stoichiometric amounts of high purity tungsten and tellurium were placed in a 15 mm
diameter, 20 cm long quartz tube and evacuated to 10-5 mmHg. This charge was first heated at 600-700˚C
for 10-15 hours, remixed by shaking, and then heated again at 1000-1200˚C for another 10-15 hours.
After this, about 5-10 grams of this primary reaction product was placed in a similar quartz tube with 1-3
grams of Iodine as the transporting agent. The tube ends were separately heated at 900˚C and 700˚C for
10-15 hours. Interestingly, WTe2 crystal shape took both the form of needles and hexagonal plates. Brown
grew excellent single crystal WTe2 by chemical vapor transport but used bromine as the transporting
agent and observed that WTe2 and MoTe2 crystals adopted a rod or lath-shaped habit with the shortest
crystallographic axis parallel to the long dimension of the lath19. In a similar manner, Al-Hilli and Evans
grew many different TMDs by CVT and noticed that bromine proved far more effective than iodine as a
transporting agent20. In this study, TMDs were also grown without halogens as transport agents, but
interestingly, WTe2 was the only compound that would not grow crystals without the halogen transport
agent. In this study, stoichiometric amounts of 99.95 wt% pure W and 99.999 wt% pure Te were placed in
a silica ampoule with a diameter of 2.25cm and length of 19cm, evacuated to 10-6 Torr, and then heated at
600-700˚C for 4 days. Powder compound was then displaced to one end of ampoule which was heated to
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600-700˚C for 32 hours with other end held at room temp to distill any unreacted Te. Single crystal
growth was done in same ampoule with hot end at 900˚C and cold end at 700˚C for 4 days with 2.7 mg of
Br per cm3 of ampoule volume. WTe2 crystals were observed to be long thin lath like sheets, which is
consistent with previous findings. Callanan et al produced WTe2 in a slightly different vapor transport
method22. Researchers first performed a pretreatment on the tungsten and tellurium reaction products;
Tungsten was held at high temperature in vacuum to remove surface oxides, and tellurium was treated
with HCl, DI water, ethanol, and N2 gun dry. 25 grams of total stoichiometric reactants were placed in
16mm diameter, 20cm long quartz reaction tube. After further heating under vacuum in order to eliminate
contaminants such as water from the chamber, the quartz tube was filled with N2 and 0.1 grams of TeC14
transport agent. The elements were reacted by holding the furnace temperature at 1073 K for over 2 days.
The reaction product was shaken to form a powder and then held at a temperature of 1173 K for 5 days to
form powdered crystals. It is evident from the few experiments on single crystal WTe2 growth that the
reaction kinetics are quite slow and the overall process a tedious one.
An alternative preparation method to mechanical exfoliation is solution phase growth and
solution based exfoliation. Solution phase growth (colloidal growth) methods have produced various
TMDs with sulfur and selenium as the chalcogen base such as TiS2, VS2, ZrS2, HfS2, NbS2, TaS2, TiSe2,
VSe2, and NbSe27. This is done by reacting metal halides with carbon sulfide or elemental selenium in the
presence of primary amines. While further work must be done to control nanosheet thickness and lateral
dimensions, colloidal growth has produced nanosheets ranging in thickness from single layers to tens of
nm and lateral sizes ranging from tens of nm to hundreds of nm. Liquid exfoliation of bulk TMDs offers a
way to produce gram scale quantities of 2-D materials, which is substantially more than mechanical
exfoliation. Liquid exfoliation can be done by direct sonication in common organic solvents or aqueous
surfactants33–35 and by lithium ion intercalation36–40. Direct sonication of layered van der Waals solids in
common organic solvents has produced nanosheets of MoS2, WS2, MoSe2, NbSe2, TaSe2, NiTe2, MoTe2,
h-BN, Bi2Te3, and others. This sonication method relies on solvents or surfactants with appropriate and
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carefully tuned surface energies overcoming the cohesive energies between layers causing separation.
This method can yield >1µm lateral dimension flakes of single and few layer thickness. In both colloidal
growth and sonification, however, it is difficult to reliably produce single layer TMDs with repeatability.
The sonication method also suffers from mechanical damage to nanosheets inevitably reducing lateral
size. A more effective way of producing monolayer TMDs is through lithium ion intercalation, where
intercalating guest molecules are incorporated between sheets expanding van der Waals separation. This
method has been shown to produce a very high yield of strictly monolayer material, as opposed to
sonication methods and suspensions in organic solvents or aqueous surfactants. Like other solution based
exfoliation methods, intercalation also has its disadvantages with structural deformations and chemical
changes due to permanent lithium bonding to nanosheets, which clearly reduces the desired electrical and
optical properties when compared to pristine monolayers. In general, further optimization of liquid
exfoliation processes must be done in order to control the number of layers, homogeneity, and flake size
uniformity while reducing structural defects as a result of sonification and ion intercalation,. To date,
synthesis of single and few layer WTe2 has never been attempted by solution based methods.
Another avenue for synthesis of single layer, few-layer, and thin film TMDs is chemical vapor
deposition (CVD) and related vapor phase deposition processes, some of which are established techniques
used extensively in the thin film deposition of many different semiconductor materials and compatible
with current nanofabrication processes. While the vapor phase deposition and growth of transition metal
dichalcogenides may be less understood than thin film deposition of more traditional semiconductors,
CVD remains an appealing and versatile method. To date, large area CVD growth of graphene is possible
and large area ultrathin TMD layers were synthesized by CVD using several different approaches. TMD
CVD synthesis can be split into two main categories: vaporization and decomposition of single source
precursors or separate metal and chalcogen precursors followed by deposition on a substrate and by direct
sulfurization or selenization of metal or metal oxide thin films. It is worth noting that synthesis of thin
fimls of MoS2 and several other TMD compounds has also been attempted by other common deposition
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techniques including sputtering41,42, atomic layer deposition43, pulsed laser deposition44, and
electrochemical deposition45, among others. Currently, MoS2 remains the focus of research into CVD
growth of TMD thin films, and the following sections discuss some of the previously stated methods used
to synthesize MoS2, with possible insight into the synthesis of WTe2. Monolayer WS2 and WSe2 have
been synthesized in methods very similar to some of those outlined below.
Liu et al. managed to synthesize large-area, high-quality, mostly trilayer MoS2 thin layers through
thermal decomposition of ammonium thiomolybdate ((NH4)2MoS4) thin films in a two-step annealing
process46. First, a (NH4)2MoS4 thin film was deposited from solution by dip-coating both insulating
SiO2/Si and sapphire substrates, followed by baking on a hot plate and a two-step annealing process. The
film was first annealed in a quartz tube furnace ﬂowing with 4:1 Ar:H2 gas at 500C at 1 Torr to remove
precursor byproducts and then transferred via magnets to cold zone before the second anneal. The second
anneal was done under a pressure of 500 Torr at 1000C in both pure Ar and Ar gas mixed with sulfur
vapor (achieved by heating of sulfur powder). The MoS2 thin films that underwent the high temperature
anneal in the presence of both argon and sulfur were shown to have improved crystallinity and electronic
properties, a more accurate Mo:S atomic ratio, and decreased film oxygen percentage. The field effect
transistor devices based on these trilayer MoS2 films exhibited high on/off current ratios and excellent
carrier mobility values, comparable with those obtained from mechanically exfoliated MoS2 thin sheets.
Overall, the tri-layer MoS2 films showed excellent electronic properties and were easily transferable to
other substrates all in a scalable CVD process. The transferability of this process to the WTe2 material
system would require an appropriate chemical solution that would yield tungsten telluride upon thermal
decomposition. This type of solution necessary for this particular thin film growth process remains
unexplored.
Zhan et al demonstrated the vapor phase synthesis of single and few layer MoS2 by sulfurization
of Mo thin films47. First, the team deposited 1-5nm of Mo on a quartz substrate using an electron beam
evaporator. 1-2 grams of sulfur was placed upwind in a low temp zone slightly above the melting point of
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sulfur in a quartz tube furnace, and a protective atmosphere of N2 was flowed in at 150-200 sccm. The
Mo ﬁlm zone was ﬁrst increased to 500C over 30 min, and then heated to 750C over 90 min and was then
kept at the 750C growth temperature for 10 min before being cooled down to room temperature over 120
min. The lateral size of the MoS2 film (on the cm scale) was completely dependent on the size of predeposited Mo on SiO2 substrate, suggesting easy scalability. Likewise, the thickness of the films are also
solely dependent on the pre-deposited Mo film. One of the issues with this method in relation to the
growth of WTe2 is the difficult deposition of elemental tungsten due to its extremely high melting point of
3422˚C, similar to the high melting temperature of molybdenum (2,623C). Deposition of elemental
tungsten would need to be done by e-beam evaporation as well.
Lee et al reacted MoO3 and sulfur at 650C in a N2 ﬂow over modified SiO2 substrate48. In order to
promote the growth of large area monolayer flakes as opposed to MoS2 nanoparticles or nanorod
structures, the researchers coated an amorphous SiO2 substrate with various treatments such as reduced
graphene oxide before growths. 0.4 g of MoO3 powder was placed in a ceramic boat, and the SiO2/Si
substrate was mounted on the underside of a boat cover, oriented face down and above the MoO3 powder.
A separate ceramic boat with 0.8g of sulfur powder was placed next to the MoO3 powder upstream.
Furnace was heated to 650˚C in nitrogen flow. While this research emphasized the importance of
substrate preparation and conditions on layer-by-layer growth in some cases, it moreover demonstrated
that powdered molybdenum oxides could be reacted with sulfur vapor to form MoS2 that could be
deposited on bare SiO2 substrates.
In one of the most successful attempts to date, Wu et al achieved large scale high optical quality
MoS2 singe crystal monolayers up to 25 microns in size using a catalyst-free vapor-solid growth
mechanism on various substrates including SiO2, sapphire, and glass49. A 99% pure MoS2 powder source
was placed in the middle of a horizontal quartz tube furnace at 900˚C, and clean substrates were held at
650˚C during growth. Argon gas was used as a carrier gas, and pressure was maintained at 20 Torr during
growth. Nucleation sites on substrates seemed to be random and resulted in large, highly crystalline
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triangles. This work represents an extremely simplified one-step growth process, but requires elemental
TMD powder, which is non-trivial to fabricate or expensive to purchase in the case of WTe2 powder.
Lin et al performed sulfurization of pre-deposited solid MoO3 thin films on sapphire substrate in
a two-step thermal process50. First, MoO3 was reduced at 500C in hydrogen and then underwent
sulfurization at 1000C. In this process, wafer scale atomically thin MoS2 was successfully grown and was
shown to be polycrystalline and uniform in thickness. The sulfurization process in this study most closely
resembles the experimental design used in this thesis.
To date, there exists no known method of synthesis of WTe2 thin films, let alone anything
approaching isolated monolayer or few layer thickness. The experimental method that was chosen to
grow WTe2 thin films is most similar to the synthesis technique for MoS2 by sulfurization of predeposited molybdenum oxide thin films on sapphire substrates previously mentioned and carried out by
Lin et al.

iii. Characterization Techniques
There are many important analysis methods for characterization of thin films, and they can be
most easily categorized by the type of analysis that needs to be done which includes structure,
composition, and properties, with some instruments providing information on multiple types of data at
once. Within the category of structure, there is analysis pertaining to thickness, surface topography,
inhomogeneity, crystallography, bonding, and defects. While composition refers simply to chemical
composition or elemental constituents, the category of properties is obviously vast and includes optical,
electrical, magnetic, chemical, mechanical, and thermal properties of thin films, with almost all pertinent
to the investigation of transition metal dichalcogenides. Characterization techniques can utilize a host of
media to accomplish analysis goals such as electrons, photons or electromagnetic radiation, and ions.
Thin film analysis is a huge field in its own right, so this section will focus on those characterization
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techniques most relevant to this research. The characterization techniques used most are those used to
determine the existence or presence of tungsten telluride, the growth of which is the main objective of this
research effort.
The most useful tool for detecting the presence of WTe2 is Raman Spectroscopy. Raman
spectroscopy is a spectroscopic technique used to observe vibrational, rotational, and other low-frequency
modes in a system by inelastic scattering of monochromatic laser light on a sample. As is implied by the
name, Raman spectroscopy is based on the Raman Effect, which is a form of light scattering that occurs
when light impinges upon a molecule and interacts with its bonding electrons. Specifically, incoming
light of a specific ‘excitation wavelength’ excites a molecule to a transitional energy state, which differs
from a smaller discrete energy state as is the case in optical absorption. Upon relaxation to a different
vibrational or rotational energy state, the molecule emits a photon of a different wavelength which is
indicative of the energy difference between the original and final molecular states. This ‘Raman shift’ is
measured in units of inverse wavelength of 1/cm. The pattern of shifted frequencies is determined by the
possible rotational and vibrational states of the sample and this pattern provides a fingerprint by which to
identify materials. In this manner, Raman spectroscopy is a simple and convenient method of identifying
materials based on their bonding, and it can also provide useful data on the number of layers present in an
ultrathin film and crystal structure of anisotropic crystals.
Unfortunately, there is no Raman data for WTe2 for which
to compare data with. However, the absence of a known
Raman pattern can be indicative of the presence of WTe2
and require further characterization by AFM, SEM, EDS,
XPS, and XRD. It is worth nothing that Fourier
Transform Infrared Spectroscopy (FTIR) is a related
spectroscopic technique to Raman and can provide
excellent complimentary data on bonding energies based

Figure 2: Example Raman spectra for different number
of layers of MoS251.
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on a sample’s absorption of infrared light. See figure 2 for example Raman spectra for different layers of
MoS251, which is always a plot of intensity (or CCD counts) on the y-axis versus Raman shift, or
wavenumber, which is located on the x-axis and has units of cm-1. Peaks correspond to vibrational modes
between atoms within a material.
Atomic Force Microscopy, or AFM, uses a very high resolution scanning probe microscope to
investigate the thickness and topography of samples. AFM provides an excellent three-dimensional
surface profile of almost any sample, which can offer insight into the processing-structure relationship of
experimental growths. The basic operation of an AFM relies on detection or measurement of the
deflection of an AFM cantilever tip by surface molecules. This deflection can be measured directly by
laser reflection off the tip or by the feedback signal required to keep the cantilever tip at a constant height
above the surface by piezoelectric measurements. AFM is typically operated in 3 different modes: contact
mode, tapping (intermittent contact) mode, and non-contact mode. AFM is non-destructive as it does not
require special metal coatings for imaging, does not require vacuum conditions, does not suffer from
charging artifacts, and is extremely high resolution. However, AFM does suffer from degradation of
cantilever tips depending on the operation mode, slow scan times, small depth of field, and often requires
correction software during and after scans.
Scanning Electron Microscopy produces images by scanning, or rastering, a beam of electrons
over a sample and measuring the interaction of electrons with the sample in the form of reflection of highenergy electrons by elastic scattering, emission of secondary electrons by inelastic scattering and the
emission of electromagnetic radiation, each of which can be detected by specialized equipment contained
within the SEM chamber. SEMs can achieve resolution better than 1 nanometer, and therefore, can
provide excellent images of atomic structure only surpassed by Tunneling Electron Microscopes or
TEMs. However, conventional SEM requires specimens to be specially prepared with ultrathin
conductive coatings and for specimens to be grounded in order to prevent accumulation of electrostatic
charge which will introduce unwanted artifacts into the image. Non-coated or nonconductive samples can
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be imaged but further optimization of chamber conditions and care must be taken to achieve clear images.
In addition, most SEMs contain EDS, or Energy-dispersive X-ray Spectroscopy, which can be used for
elemental analysis. EDS measures the X-ray stimulation that is emitted by the electron beam hitting
atomic nuclei. EDS identifies elements due to the fact that each element has a unique atomic structure and
corresponding X-ray spectrum.
XPS, or X-ray Photoelectron Spectroscopy, irradiates a surface with X-rays and measures the
kinetic energy and number of electrons that are emitted due to the “photoelectric effect” in order to
determine empirical formula, chemical state, and electronic state of (usually) the first 10nm of a material
surface. XPS is a powerful tool with its ability to provide compositional data as a function of depth of a
surface, but most XPS systems can only measure elemental composition in the parts per thousand range
with some advanced systems capable of measuring in the parts per million range.
The last main tool of mention is XRD, which stands for X-Ray Diffraction. XRD can determine
the crystal structure of a material by the diffraction or elastic scattering pattern of X-rays though a crystal.
XRD is caused by the X-ray interaction with the electrons within the crystal, and can determine the mean
position of atoms based on this three-dimensional electron density. The three dimensional position of
atoms in a crystal can be crosschecked with a database in order to identify material, making it an
indispensable technique for identifying a material and its phase. Some limitations of XRD are poor
resolution or errors resulting from small crystal size and non-uniform crystal arrangement within a
sample, which makes it a difficult method to employ with nanoscale materials like two dimensional
TMDs if nucleation sites are too small in area and thickness.

C. Equipment and Design Needs
All Tungsten Telluride growth methods were performed in a high temperature horizontal quartz
tube furnace located in N129 Furnace Room in the Materials Research Institute at Pennsylvania State
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University. This system was custom-built by graduate students in Professor Josh Robinson’s research
group, namely Chia-Hui Lee and Paul Brown. The furnace itself is a High Temperature Furnace from CM
inc. located in Bloomfield, NJ, equipped with a Honeywell Temperature Controller. Chamber vacuum is
attained by a BOC Edwards XDS10C Oil-Free Dry Scroll Vacuum Pump. Overall chamber pressure is
controlled by a by a feedback mechanism between MKS 651C Pressure Controller and throttle valve
above pump. For pressures greater than 10 Torr, a 1000 Torr Monometer must be connected to the
pressure controller. For pressures less than 10 Torr, the 10 Torr Monometer must be connected to the
pressure controller. Flow of inlet hydrogen and argon gas is controlled by MKS Type 1179 Mass Flow
Controllers (MFCs). These MFCs are connected to a MKS 247C 4 Channel Readout. There are separate
lines hooked up to MFCs for hydrogen and argon gas, while MRI house nitrogen gas which is used for
purging after completed runs is controlled by a simple quarter turn valve. See figures 3 and 4 below.

Figure 3: N129 high temperature horizontal quartz tube furnace with furnace heating elements, metal flanges, quartz tube,
cooling fan, and pneumatic piston to control furnace lid opening and closing labeled. Inlet side flange where samples are loaded
and inlet gas lines hooked up to MFCs are located to the left and below the figure. Temperature controller and vacuum pump are
below and to the right of the figure, respectively. These are shown in the figure 4.
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Figure 4: Furnace temperature controller and design components of the vacuum system including pressure controller, throttle
valve, vacuum pump, and MFC controller and readout.

18

IV.

EXPERIMENTAL DESIGN

a. Tellurization of WO3 Thin Films
WO3 thin films were deposited by simple thermal evaporation of WO3 powders onto double
sided sapphire (Al2O3) substrates at 6x10-7 Torr at 0.5Å/sec in a K. J. Lesker thermal evaporator located in
the Penn State MRI nanofabrication cleanroom. 10nm and 50nm thick WO3 films were deposited by
adjusting deposition time based on deposition rate. Annealing of WO3 thin films on sapphire is done at
400˚C for 5 min and 600˚C for 5 min. Substrates are diced from double sided polished sapphire wafers.
They are cleaned by 10 min sonication in acetone followed by 10 min sonication in Isopropyl Alcohol.
After this initial cleaning, substrates are rinsed in DI water 4-6 times then N2 gun dried. Once dry,
substrates are placed in Nanostrip (sulfuric acid and peroxymonosulfuric acid) held at 80˚C on a hot plate
for 20 min and then rinsed 14-18 times in DI water before final N2 gun dry. Substrates are kept in secure
sample holders which are stored in a N2 box to prevent contamination.
Tungsten telluride synthesis methods
were all carried out in a high temperature 3in
diameter horizontal quartz tube furnace.
Initially, this furnace system was designed
for both tungsten selenide and tungsten
telluride growths, so interchangeable 1.5in
diameter quartz liner tubes were used to
prevent cross contamination (to a certain

Figure 5: A shot or pellet of elemental tellurium showing relative size scale.

degree) from Se and Te on WTe2 and WSe2 growths, respectively. Substrates and material are placed
inside liner tube for growths, with each end plugged with quartz wool. 99.9999% purity Tellurium shot
pellets (2-5mm, Alfa Aesar) are placed in a quartz boat and positioned in the hot zone of the tube furnace
at 850˚C, substantially higher than the melting point of tellurium, Tm = 449.51C., and below the boiling
point, TBP = 988 C, which leads to a high vapor pressure of tellurium throughout reaction. See figure 5 for
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photo of a single tellurium pellet or shot. About 0.22 grams of Te (4 pellets) were used in reactions with 2
substrates, and ~0.44 grams of Te (8 pellets) were used in reactions with 4 substrates. The previously
deposited WO3 thin films on sapphire are placed in ceramic boats (usually two in a boat) and then
positioned downstream from the hot zone at various lower temperatures. The temperature profile of the
tube furnace drops off as a function of distance from the center of the tube, or hot zone, to either end. This
temperature profile was determined by taking a series of temperature measurements at various positions
along the tube at various hot zone temperatures. Temperature measurements were taken with a
thermocouple. A similar temperature profile exists for the left hand side or upstream side of the tube
furnace. Also, it is important to note that the ends of the quartz tube, which extend out of the furnace on
either side, are kept cool by two high power fans in order to keep the stainless steel flanges at room
temperature to prevent thermal expansion of the flanges which would impact the seal and vacuum quality
of the system. These fans create a minimum temperature zone (around room temp) that the temperature
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Figure 6: Furnace tube temperature as a function of distance from hot zone at x=0 inches. Hot zone
temperature is determined by set point programmed into Honeywell temp controller.

profile of the quartz tube located in the furnace must approach as the distance from the hot zone extends
along the length of the quartz tube near the flanges.
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Once samples are loaded into the correct position in the furnace and the system is closed up, the
vacuum pump is turned on to evacuate the system to a base pressure of less than 5 mTorr. After reaching
base pressure, the throttle valve is closed in order to isolate the vacuum pump from the system so that the
leak rate can be tested. If a leak rate of less than 8 mTorr/min is measured, then the temperature program
can be initiated. If leak rate is higher than this value, system must be pumped back to base pressure and
leak rate must be tested again until it is under the acceptable value of 8 mTorr/min. Temperature is
ramped at 25˚C/min from room temperature to 500˚C, held for 5 min, then ramped at 9 or 10˚C/min up to
the growth temperature of 850˚C, held for 15 min, then let cool to room temperature naturally. A pre- or
post-anneal can be programmed into the temperature ramp program if desired. The ramp rate from 500˚C
to 850˚C is limited by the power output of the furnace and represents one of the shortcomings of this
custom built system, even though a ramp rate similar to or slower than this magnitude is found in some
other reports of TMD synthesis previously mentioned42,45. A faster ramp rate to growth temperature set
point might result in less tellurium and WO3 vapor loss before temperature necessary for growth.
Hydrogen flow rate is controlled at 5 sccm, and argon flow rate is controlled at 50 sccm for a 1:10 H2:Ar
ratio. Total chamber pressure is maintained at 500 mTorr. For temperature study, both annealed and
amorphous WO3 thin films were put at 850˚C, 800˚C, 750˚C, 700˚C, and 650˚C during growths.
It is necessary in some instances to perform a pretreatment on the tellurium pellets before any
growths due to the formation of an oxide film on the tellurium. While the exact thickness of the TeO2
oxide film is unknown, TeO2 has a much higher melting point (Tm=732˚C) than the tellurium contained
within (Tm=449.5˚C) and may form a substantial barrier to tellurium vaporization at temperatures lower
than the TeO2 melting point, slowing the introduction of Te to the WO3 surface for reaction. One of the
worries of this tellurization experimental setup is the compounded effect of the late arrival of Te to the
substrate surface due to this metal oxide film acting as a barrier and the early departure of WO3 molecules
from the substrate, especially in the thinner 10nm WO3 samples. While there are competing mechanisms
between the departure of WO3 thin film molecules from 10nm thick films at high temperatures and the
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high temperature desired for reasonable reaction kinetics, the introduction of Te to the WO3 surface early
and throughout the duration of the reaction can be controlled by an effective etch procedure before
growths and should better ensure chances for WTe2 growth. While this etch procedure was not employed
for tellurization of 10nm and 50nm WO3 samples, it was employed for certain static growths and is surely
relevant for future research into growth of WTe2 thin films. Raman spectroscopy using a 488 nm laser
was performed on an untreated Te pellet surface to obtain Raman peaks for TeO2 to verify the existence
of an oxide film and to compare with Raman spectra taken on pellets after acid treatment. A comparison

Figure 7: (a) Raman of untreated Te pellet surface (TeO2) using 488nm laser with large peaks at 124, 150, 392, and 648 and
smaller peaks at 175, 196, 235, 289, 339, 593, 685, and 718 (1/cm). (b) Raman spectra of various phases of TeO 252 suggesting
TeO2 is predominantly α-TeO2 phase.

of a Raman spectrum taken on an untreated Te pellet surface with Raman spectra of various phases of
TeO252 can be seen in Figure 7 and proves that the surface is indeed the α-TeO2 phase. The main Raman
peaks of 124, 150, 392, and 648 cm-1 from an untreated tellurium pellet surface match the large Raman
peaks for α-TeO2 phase.
Therefore, an acid treatment was devised in order to etch away this TeO2 film. Tellurium pellets
were etched in several different acids or combination of acids over different timespans to determine an
optimum procedure. Tellurium pellets were etched solely in 30% sulfuric acid (H2SO4) for 1 minute, 5
minutes, and 10 minutes. Pellets were also etched solely in 30% hydrochloric acid (HCl) for 5 minutes.
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Lastly, pellets were etched in 2 step acid treatments including a 10 minute soak in 50% H2SO4 followed
by 2 minute soak in 30% HCl and finally a 10 minute soak in 50% H2SO4 followed by 5 minute soak in
30% HCl. Immediately following the various acid treatments, pellets were rinsed in DI water and N2 gun
dried. Raman time scans with an individual spectrum gathered every 60 seconds were performed on
pellets for various lengths of time after acid etching. Figures 8 shows the Raman spectra taken on
tellurium pellet surfaces immediately after 0 min, 5 min, and 10 min soaks in 30% H2SO4. The 0 and 5

Figure 8: Raman point scan of Te pellet surface immediately after (a) 1 minute acid etch in 30% H2SO4 (b) 5 minute acid etch in
30% H2SO4 and (c) 10 minute acid etch in 30% H2SO4. This was done with 514nm laser.

minute soaks show TeO2 peaks immediately after etching procedure, while the 10 minute soak does not
show TeO2 peaks 5 minutes after etching. This data shows that there is a minimum soak time required for
etching in 30% H2SO4. The next acid etching that was tried on tellurium pellets was a 5 minute soak in
30% HCl, which was conducted by Chia Hui Lee. Figure 9 shows Raman time scan performed on
tellurium pellet surface immediately started after 5 minute soak in 30% HCl. These Raman spectra shows
the rapid growth of some form of tellurium dioxide just 200 seconds after etching, indicating that a 5
minute soak in 30% HCl is not an effective procedure by itself.
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Figure 9: 30 minute Raman time scan of Te pellets etched in 30% HCl for 5 minutes. TeO 2 seems to be forming within 3 minutes
after 30% HCl acid treatment. This experiment was conducted with 514nm laser by graduate student and mentor Chia-Hui Lee.

The following acid etch procedure did not reveal TeO2 peaks 15 minutes after treatment: 10 min
soak in 50% sulfuric acid followed by 2 min soak in 30% HCl followed by DI water rinse and N2 gun dry.
Raman point scan spectrum of Te pellet surface prior to acid etch and Raman point scan spectrum of Te
pellet surface 15 minutes after acid etch are shown in figure 10a below, while figure 10b shows Raman of
crystal and amorphous tellurium53 for comparison with the Raman spectrum taken on pellet surface after
etching in order to verify the presence of pure tellurium. Raman spectra were not gathered after 15
minutes for this run due to equipment reservation restraints. The similarity of the Raman spectrum taken
15 minutes after acid etch and the Raman spectrum for crystal tellurium coupled with the lack of larger
wavenumber characteristic peaks belonging to TeO2 confirm that this acid etch procedure is effective in
eliminating oxide layer for up to 15 minutes after etching.
Although it is not shown in any figures, an acid treatment conducted by Chia-Hui Lee consisting
of a similar 10 minute soak in 50% H2SO4 followed by a slightly longer soak in 30% HCl for 5 minutes
(instead of 2 minutes) showed no signs of TeO2 formation even 30 minutes after end of acid etch, which
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Figure 10: (a) Blue curve is Raman point scan of Te pellet surface before acid treatment. Red scan is Raman point scan of Te
pellet surface 15 minutes after 10 min soak in 50% H2SO4 followed by 2 min soak in 30% HCl, showing no TeO2 formation. This
was done with 488nm laser. (b) 514 nm laser Raman of crystal and amorphous tellurium for qualitative comparison of Raman
taken on pellets53, matching red curve of tellurium pellets 15 minutes after acid etch procedure.

is a sufficient amount of time between end of acid treatment and loading of samples into tube furnace,
lock up, and start of pump down prior to start of growths. Raman data of these samples after etch again
match up with known Raman for crystal tellurium and do not show peaks associated with any TeO2
phases. This acid etch procedure consisting of a 10 minute soak in 50% H2SO4 followed by a 5 minute
soak in 30% HCl was adopted as the final procedure for acid etching of TeO2.

b. Extended Closed System Growths
Due to the apparent slow kinetics of the tungsten telluride reaction, growth was also attempted in
a closed system for an extended period of time, instead of in a flowing argon and hydrogen atmosphere at
constant pressure, in order to test the effect of growth time on WTe2 formation and in an effort to reduce
material vapor loss available for reaction. A static or closed system was achieved by shutting MFCs and
the throttle valve once a desired initial pressure of H2, Ar, or combination of H2 and Ar was reached in the
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system. This experimental design was pursued as opposed to just extending the growth time of dynamic
runs from 15 minutes to 4 hours because there is not a constant source of tellurium vapor or tellurium
precursor in our system; tellurium pellets are eventually completely vaporized and removed from the
tube, and consequently, an extended growth time would just act as an anneal. 1 closed system run was
done in H2 only atmosphere. Growths were attempted with a hot zone temperature of 850˚C for 4 hours
with 50nm amorphous WO3 thin films placed at 850˚C and 700˚C. In a similar fashion to previous
tellurization runs, a boat containing 0.44 grams of etched tellurium pellets was placed at 850˚C and 50 nm
amorphous WO3 thin films on sapphire substrates were placed at both 850˚C and 700˚C. The system was
filled with hydrogen gas and closed off once the desired initial chamber pressure of 0.5 Torr was reached.
The hot zone temperature of 850˚C was held for 4 hours, which is substantially longer than the growth
time of 15 minutes employed in dynamic tellurization runs.
There are some inevitable shortcomings with this setup. One downside to this setup is the
relatively large volume of the system that is defined by the space between closed MFCs and closed
throttle valve. The volume of the system is approximately the volume occupied by the 3in diameter and
60in long outer quartz tube (volume = 424 in3 = 6.949x103 cm3), with gas lines and tubing outside of the
flanges adding additional volume. This relatively large volume, and by extension the relatively large inner
surface area of the system when compared to the small substrate surface that the reaction needs to occur
at, provides a lot of space for reactive species to diffuse to and decreases the amount of material available
for reaction at the WO3 surface. In addition, the fact that the closed system extends past the edge of the
furnace means there is a cold zone (below tellurium melting point) for tellurium vapor to continually
adsorb and deposit on. It is unknown how this affects the overall tellurium vapor available for reaction
with the surface, especially over extended periods of time. Of course, the ideal experimental setup for a
reaction or experiment of this type is to use a small quartz ampoule similar to those used in bulk and
single crystal WTe2 growth outlined in earlier sections. However, Te contamination makes this type of
experiment difficult to conduct in other existing systems. Moreover, the dangers posed by poisonous
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species like H2Te necessitates the approval by lab managers for a standard operating procedure (SOP)
specific to WTe2, thereby making this ideal experimental setup difficult to perform in the timeline
allowed for this thesis. While tellurization of WO3 films in a small quartz ampoule for extended periods
of time may be considered a candidate for future work, it represents a non-scalable process. However, the
furnace system in N129 that is designed for and solely designated to WTe2 growth makes it uniquely
suited for attempting this static, extended reaction immediately without the need for any additional SOPs,
construction of new systems, or approval by lab managers. Static growths were also attempted with
W(CO)6, tellurium pellets, and bare sapphire substrates at 700˚C with various gas composition and
pressures.
The next attempt at WTe2 growth was a closed system reaction with solid tellurium and W(CO)6
powder. In stark contrast to WO3 thin films, W(CO)6 is easily vaporized and decomposed, and it is often
used as a tungsten source in electron beam induced deposition of tungsten nanostructures54,55. In this
scenario, 0.44 grams of etched tellurium pellets and ~0.13 grams of W(CO)6 representing a roughly 10:1
molar ratio of Te:W were placed alongside a bare sapphire substrate in the same ceramic boat situated in
the hot zone of the furnace. A rectangular piece of silicon and an upside down quartz boat were both used
as covers placed over top of the ceramic boat to try to limit the amount of reactive species from leaving
the boat, although there was no perfect solution to this. Custom designed and machined ceramic boats
with sliding covers would be the ideal solution. An identical temperature ramping program was used as
with previous methods with a hot zone set point of 700˚C instead. This temperature was held for 2 hours.
Initial background gas pressure and composition included 100 Torr of H2, 550 Torr of H2, 550 Torr of Ar,
and 550 Torr of a 5:1 Ar:H2 ratio. This approach has identical disadvantages to the closed system growth
with WO3 thin films, but the loss of W(CO)6 vapor to surroundings might be exacerbated by the low
melting point of W(CO)6 (Tm = 170C) and extremely high chemical volatility. One of the worries in this
experimental design is the rapid loss of W(CO)6 to surroundings at low temperatures before Te melting
point and substantial Te vapor pressure can be reached. The preliminary results for static growths with
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W(CO)6 will be not be discussed in the results section due to the lack of concrete data thus far and will be
touched upon in future work suggestions.

c. Chemical Vapor Deposition
Tungsten telluride growth was also attempted by chemical vapor deposition of W(CO)6 and
tellurium pellets. Due to the extremely low melting point of W(CO)6, a separate heating source for
W(CO)6 is required. A custom built heating source was built from a Watlow DIN-A-MITE Power
Controller, Watlow EZ-ZONE PM Temperature Controller, K-type Thermocouple Temperature Sensor
from Omega Engineering inc, and 550Watt Extreme-Temperature Heat Cable (heat tape) from McMasterCarr. The heat tape was wrapped around the upstream part of the quartz tube extending out of the furnace
enclosure and out of the furnace’s heating influence. This heat tape was then wrapped with 1/2 - 7/8 in.
Fiberglass Wrap-Around Sleeving for insulation. The W(CO)6 powder was placed in a ceramic boat and
positioned in the part of the quartz tube wrapped with heat tape. In this manner, the temperature of the
W(CO)6 and corresponding vapor pressure can be controlled independently of the furnace and introduced
at any time into the system. The tellurium pellets were placed in a quartz boat and positioned away from
the 850˚C hot zone, corresponding to a temperature slightly above the melting point of Te. An identical
temperature ramping program was used as previous methods. The preliminary results of this method of
testing will be not be discussed in the results section due to the lack of concrete data thus far.
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V.

RESULTS

a. Data
i. Tellurization of WO3 Thin Films
The tellurium-oxygen exchange of tungsten oxide thin films for the synthesis of tungsten telluride
crystals was carried out with 10nm and 50nm thick WO3 thin films at 850˚C, 800˚C, 750˚C, 700˚C, and
650˚C to investigate the effect of thickness and temperature of WO3 thin films on the synthesis of WTe2
thin films or crystals. In addition to these variables, experiments were carried out on both annealed and
amorphous WO3 thin films to see the possible effect of WO3 crystal structure on tellurization. All
experimental runs were carried out under the same processing conditions including temperature ramping,
argon and hydrogen mass flow rates, total chamber pressure, growth time, and hot zone temperature.
After growths, optical microscopy (OM) images and Raman data were taken with a WITec Confocal
Raman CRAFM 1 and Acton 2300i Spectrometer on all samples in order to determine the possible
existence of WTe2. Although no known Raman signature for WTe2 has been reported in literature to date,
a set of unfamiliar Raman peaks would warrant further characterization such as chemical analysis to
determine the presence of tungsten and tellurium elements in a sample.
The optical images and Raman data for 10nm thick WO3 samples at various substrate
temperatures are outlined below starting from highest substrate temperature. AFM, SEM, and EDS data
was performed on select samples of interest and are also included below. There is no reliable data for
tellurization of 10nm amorphous WO3 at 800˚C, so this data point has been omitted.
The first tellurization run that was attempted was done on 10nm annealed and amorphous WO3
placed in the hot zone at 850˚C directly downstream from the sapphire boat containing tellurium pellets.
Small formations can be seen in the 100x image of the sample, and a Raman point scan spectrum on these
light grey formations is shown in figure 11 below. This Raman spectrum matches up with that of WO2,
and will be elaborated on in the analysis section.
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Figure 11: Optical microscopy images and Raman data for tellurization of 10nm annealed WO3 at 850˚C. (a) 40x image. (b)
100x image. (c) Raman spectrum of grey nucleation site with peaks at 167, 187, 287, 345, 381, 420, 480, 514, ~602, and ~619
(1/cm).

Optical images for tellurization of 10nm amorphous WO3 at 850˚C look very similar to that of the
10nm annealed sample, and Raman point scan spectrum of similar looking island formations are almost
identical. See figure 12. For 10nm amorphous sample, a Raman line scan was taken on surrounding
darker area of substrate, revealing the two different Raman spectra than those taken on nucleation sites.
See figure 13. The Raman spectrum shown in figure 13b is most likely that of bare sapphire, with a
characteristic sapphire peak around 420 cm-1.
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Figure 12: Optical microscopy images and Raman data for tellurization of 10nm amorphous WO3 at 850˚C. (a) 40x image. (b)
100x image. (c) Raman spectrum of grey nucleation site with peaks at 168, 188, 287, ~341, 346, ~380, 419, 483, ~580, and ~610
(1/cm).

Figure 13: Selected Raman spectra from line spectrum taken on surrounding ‘substrate’ for tellurization of 10nm amorphous
WO3 at 850˚C. Due to large laser spot area and low magnification of optical microscope images, it is impossible to tell what
these specific Raman signatures correspond to. (a) Raman spectrum with large peaks at 151, 214, 241, 317, 339, and 420 (1/cm)
with small peaks at 125, 181, 195, ~264, ~296, ~372, ~379, 470, ~530, and ~580 (1/cm). (b) Raman spectrum with large peak at
420 and small peaks at 119, 283, 380, 453, and 578 (1/cm).
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For 10nm annealed WO3 placed at 800˚C, larger and a higher density of nucleation sites can be
seen with similar light color as formations found in samples at 850˚C. Raman data for this sample show a
lot of noise. The large peak at 287 cm-1 for Raman spectrum done on nucleation sites (figure 14b) is found
in previous samples, and the sole high intensity peak at 420 cm-1 in figure 14c for the darker surrounding
sample suggest sapphire again.

Figure 14: Optical microscopy image and Raman data for tellurization of 10nm annealed WO3 at 800˚C. (a) 100x image. (b)
Raman spectrum of island formations with large peaks at 287 and 420 and small peaks at ~168 ad 190 (1/cm). (c) Raman
spectrum of surrounding ‘substrate’ with a large peak at 420 and small peak at 579 (1/cm). No other peaks are easily discernible
from low intensity of 633nm laser during characterization.
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100x optical images and Raman spectra on nucleation sites for both 10nm annealed and
amorphous WO3 placed at 750˚C are shown one after another below. Similar Raman exists compared to
previous samples. Nucleation sites seem to be larger and there appears to be less nucleation sites per unit
area for the amorphous sample.

Figure 15: Optical microscopy image and Raman data for tellurization of 10nm annealed WO3 at 750˚C. (a) 100x image. (b)
Raman spectrum of island formations with large peak at 284 and small, low intensity peaks at 164, 185, 284, 342, 413, 480, 509,
597 (1/cm). These values are best-approximation.

Figure 16: Optical microscopy image and Raman data for tellurization of 10nm amorphous WO3 at 750˚C. (a) 100x image. (b)
Raman spectrum of island formations with peaks at 163, 184, 283, 342, 414, 480, 510, ~602, and ~622 (1/cm).
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The optical images for 10nm annealed and amorphous WO3 placed at 700˚C show larger and less
frequent nucleation sites than higher temperatures in addition to similar Raman spectra. In the case of the
10nm amorphous sample, there is a very distinct snowflake-like growth yet the spectrum contains roughly
the same Raman shifts and overall peak pattern. This means the formations are made of the same
material, yet nucleation is occurring along very distinct directions on the substrate. Figure 19 and 20 show
further characterization of snowflake structures by FESEM, AFM, and EDS.

Figure 17: Optical microscopy image and Raman data for tellurization of 10nm annealed WO3 at 700˚C. (a) 100x image. (b)
Raman spectrum of island formations with peaks at 163, 184, 283, 345, ~420, 478, 511, 600, and ~621 (1/cm).

Figure 18: Optical microscopy image and Raman data for tellurization of 10nm amorphous WO3 at 700˚C. (a) 100x image. (b)
Raman spectrum of ‘snowflake’ formations with peaks at 163, 184, 282, 341, 414, 476, 508, and 597 (1/cm).
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Figure 19: Further characterization of tellurization of 10nm amorphous WO3 at 700˚C. (a) Low magnification SEM image. (b)
High magnification image. (c) AFM image of outer edge dendrites of snowflake formation. (d) Height readout from AFM line
scan showing average dendrite height of around 15-20nm.

Figure 20: (a) EDS layered image of nucleation site from 10nm amorphous WO3 at 700˚C. (b) EDS plot showing presence of Al,
O, W, and Si of weight percentages 55.4%, 42.1%, 2.4%, and 0.00%, respectively. The presence of Si might be an error or very
slight contamination from silicon substrates being used as covers in previous runs. The 0.00 Wt% for Si means it is negligible.
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Raman spectra for 650˚C samples is very weak, with a lot of noise and peaks that are difficult to
distinguish. The Raman for the annealed sample shows the prevalent peak at 289 cm-1 and a strong peak
at 420 cm-1 suggesting thinner formations close to the substrate.

Figure 21: Optical microscopy image and Raman data for tellurization of 10nm annealed WO3 at 650˚C. (a) 100x image. (b)
Raman spectrum of formations with low intensity peaks at 289 and 420 (1/cm).

Figure 22: Optical microscopy image and Raman data for tellurization of 10nm amorphous WO3 at 650˚C. (a) 40x image. (b)
100x image. (c) Raman spectrum of darker area of sample with peaks at 285, 415, and 572 (1/cm). (d) Raman spectrum of lighter
area of sample with peaks at 198 and 415 (1/cm).
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An overlay of the Raman spectra of the light grey nucleation sites for all of the 10nm samples,
excluding the amorphous sample at 800˚C, showing the relative similar Raman signature for all is
displayed in figure 23. The 3 samples with different Raman, or rather less distinct peaks, are the 2
samples at 650˚C and the annealed sample at 800˚C. It is possible that the temperature of 650˚C is too low
for whatever reaction is taking place in the rest of the 10nm samples, meaning less WO3 is reducing to
WO2.

Figure 23: Overlay of Raman spectra from island formation on 10nm WO3 tellurization samples, excluding 800˚C Amorphous
WO3 sample, which did not have reliable data.

Raman data, OM images, and other characterization data for 50 nm thick WO3 samples at various
substrate temperatures are outlined below starting from highest substrate temperature. In general, the
50nm samples showed much more distinct nucleation sites from surrounding material and substrate which
gave very high intensity and clear Raman spectra. However, Raman data for surrounding substrate and
nucleation sites looks very similar to data for 10nm samples, suggesting similar reaction products in
nucleation sites and surrounding film. For samples at 850˚C and 800˚C, similarities exist between
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amorphous samples and annealed samples at the two different temperatures. There is significantly more
nucleation sites on amorphous samples, and nucleation site growth on annealed samples seems to be more
dendritic in nature.

Figure 24: Optical microscopy images and Raman data for tellurization of 50nm annealed WO3 at 850˚C. (a) 40x image. (b)
100x image. (c) Raman spectrum of grey nucleation site with peaks at 168, 190, 289, 347, 426, 486, 516, 605, and ~621 (1/cm).
(d) Raman spectrum of surrounding substrate with discernible peaks at 215, 289, and 419 (1/cm) with possible other peaks
throughout.
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Figure 25: Optical microscopy images and Raman data for tellurization of 50nm amorphous WO3 at 850˚C (a) 40x image. (b)
100x image. (c) Raman spectrum of light grey nucleation sites with peaks at 168, 189, 289, 348, 428, 486, 517, 605, and 623
(1/cm) with possible peaks at ~337.

Figure 26: Optical microscopy images and Raman data for tellurization of 50nm annealed WO3 at 800˚C (a) 40x image. (b) 100x
image. (c) Raman spectrum of grey nucleation sites with peaks at 168, 190, 288, 347, 425, 485, 515, 602, and 620 (1/cm) with
possible peaks at ~339. (d) Raman spectrum of surrounding substrate with possible peaks at 151, 193, 217, 241, 301, 323, 341,
382, 426 (1/cm) and maybe others.
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Figure 27: Optical microscopy images and Raman data for tellurization of 50nm amorphous WO3 at 800˚C (a) 40x image. (b)
100x image. (c) Raman spectrum of grey nucleation sites with peaks at 168, 189, 288, 339-343, 428, 484, 515, 603, and 623
(1/cm).

It is important to note that for tellurization of 50 nm WO3 samples at 750˚C and 700˚C, there was
a problem with argon flow before the temperature in the hot zone reached 850˚C. As all these samples
were placed into the tube furnace simultaneously, this argon issue affected all 4 samples, amorphous and
annealed. Before 500˚C, there was close to zero argon into the chamber due to the argon tank not being
opened before the run by mistake. This issue was not recognized immediately because there was enough
remaining argon in the inlet line between tank regulator and MFC available to flow through the MFC for
several minutes. Consequently, the MFC channel readout showed normal flow rate argon initially. This
issue was not caught until 20 minutes later. After 500˚C, the main argon tank valve was opened, but the
pressure in the line between the tank regulator and argon MFC became much higher than the rated inlet
pressure of the MFC, so it is unclear whether the argon was flowing at exactly the programmed flow rate
of 5.0 sccm. However, by the time the hot zone temperature reached 800˚C, the inlet pressure of the MFC
was back to the rated pressure, and argon flow rate should have been exactly set to the programmed value
on the MFC controller. It is unknown how the lack of argon gas in the part of the growth before 500˚C
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ultimately affected the reaction, and this issue will be touched upon in the following analysis and
suggested future work sections. Tellurization of 50nm amorphous and annealed samples at 750˚C and
700˚C should be redone in future work with correct argon and hydrogen flow throughout the entire
reaction. They are nevertheless shown below.

Figure 28: Optical microscopy images and Raman data for tellurization of 50nm annealed WO3 at 750˚C. Raman spectra were
consistent throughout sample. (a) 40x image. (b) 100x image. (c) Raman spectrum with spectral center at 400 1/cm shows peaks
at 154, 198, 217, 241, 267, 283, 324, 339, and 427(1/cm) (d) Raman spectrum with spectral center at 750 1/cm shows peaks at
496, 533, 602, 654, 741, 793, 826, and 870 (1/cm). There may exist smaller peaks other than what was mentioned above.
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Figure 29: Optical microscopy images and Raman data for tellurization of 50nm amorphous WO3 at 750˚C (a) 40x image. (b)
100x image. (c) Raman spectrum of islands with peaks at 168, 190, 288, 348, 481, 515, and 602 (1/cm). (d) Raman spectrum of
surrounding ‘substrate’ with peaks at 152, 196, 216, 243, 289, 302, 324, 345, 382, and 428 (1/cm).

Figure 30: Optical microscopy images and Raman data for tellurization of 50nm annealed WO3 at 700˚C (a) 40x image. (b) 100x
image. (c) Raman spectrum of islands with low intensity peaks at 170, 189, 288, 421, 484, 516, and 620 (1/cm). (d) Raman
spectrum of surrounding ‘substrate’ with low intensity peaks at peaks at 148, 216, 248, 296, 319, 343, 386, and 425 (1/cm).
Signal strength was low, so resolution is low.
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Figure 31: Optical microscopy images and Raman data for tellurization of 50nm amorphous WO3 at 700˚C (a) 40x image. (b)
100x image. (c) Raman spectrum of islands with peaks at 168, 190, 288, 344, 484, 517, and 622 (1/cm).

Lastly, OM images and Raman are shown for samples placed at 650˚C. There does not seem to be
much change with respect to the formation of nucleation sites as well as their Raman signature compared
to previous 50nm samples, but the surrounding material is completely blue in the 50nm amorphous WO3
sample at 650˚C. For the 50nm annealed sample, Raman point scans were done on both blue and lighter
color sections of the surrounding sample area, showing different Raman spectra. See figure 33. These
differences will be touched upon in the following analysis section.
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Figure 32: Optical microscopy images and Raman data for tellurization of 50nm annealed WO3 at 650˚C (a) 40x image taken of
center of sample. (b) 100x image near edge of substrate sample. (c) Raman spectrum of islands with low intensity peaks at 168,
288, 420, 487, 516, and 628 (1/cm).

Figure 33: Raman data of surrounding substrate for tellurization of 50nm annealed WO3 at 650˚C. (a) 100x image taken at edge
of sample. This is the same picture in part a.) of previous figure. (b) Raman spectrum of orange/tan region of surrounding
substrate with low intensity peaks 151, 194, 216, 242, 284, 300, 319, 341, 392, 427, 463, 536, 604, and 655 (1/cm) with possible
smaller peaks. (c) Raman spectrum of blue region of surrounding substrate shows no discernible peaks.
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Figure 34: Optical microscopy images and Raman data for tellurization of 50nm amorphous WO3 at 650˚C (a) 40x image. (b)
100x image. (c) Raman spectrum of islands with peaks at 168, 190, 288, 335, 425, 487, 515, and 624 (1/cm). (d) Raman
spectrum of surrounding blue region shows no discernible peaks.

An overlay of the Raman spectra of the light grey nucleation sites for all of the 50nm samples,
excluding the annealed sample at 750˚C which did not show any such nucleation sites and may have
resulted from the varying argon partial pressure in the chamber for most of that growth. Figure 35 below
shows the relatively similar Raman for all 50nm samples. These Raman spectra also match up with those
taken of nucleation sites on 10nm samples with slight general shift in peak wavenumbers to the right.
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Figure 35: Overlay of Raman spectra from island formation on 50nm WO3 tellurization samples, excluding 750˚C Annealed
WO3 sample, which did not show any such growth or nucleation.

Next, tellurization of 10nm and 50nm amorphous WO3 samples at 850˚C and 750˚C was
attempted with an excess of tellurium pellets. In this run, 30 etched Te pellets totaling 1.65 grams were
used for this growth, with 20 pellets kept in the hot zone at 850˚C and 10 pellets kept upstream at ~600˚C,
and a set of 50nm and 10nm amorphous WO3 samples were placed in ceramic boats downstream at 850˚C
and 750˚C. This experiment was conducted in order to see if an overload of tellurium in the system would
have an effect on tellurization. No annealed samples were used in this experiment. Tellurium pellets were
kept at 2 different temperatures in order to assure that a significant tellurium vapor pressure would be
present throughout the duration of the reaction from low temperature ramping until end of growth. The
pellets kept at lower temperature were still kept above the tellurium melting point, but vapor pressure and
evaporation rate would be less than those kept in hot zone, providing tellurium for the reaction after the
tellurium in hot zone was completely vaporized. Interestingly, 10nm samples at both 850˚C and 750˚C
showed bare substrates and are not shown below.
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Figure 36: Optical microscopy images and Raman data for tellurization of 50nm amorphous WO3 at 850˚C (a) 40x image. (b)
100x image. (c) Raman spectrum of various areas of sample. Red, blue, and green islands curves correspond to grey formations,
surrounding brown formations, and substrate, relatively. Red and blue curves show identical peaks identical to previous
tellurization runs while green curve shows weak signal overall.

Figure 37: Optical microscopy images and Raman data for tellurization of 50nm amorphous WO3 at 750˚C (a) 40x image. (b)
100x image. (c) Raman spectra of sample. Red and blue curves corresponds to grey formations and surrounding light blue
formations, relatively. Red curve shows identical peaks to previous tellurization runs while blue curve has noticeable peaks at
209, 287, 378, and 421 (1/cm).
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Another experiment of interest that was conducted, albeit by accident, was an attempt at
tellurization of 50nm annealed and amorphous WO3 at 750˚C and 700˚C with the addition of 1 selenium
pellet. The selenium pellets are roughly equivalent in size and weight to the tellurium pellets. 7 tellurium
pellets totaling about 0.385 grams were placed in ceramic boat along with 1 Se pellet totaling about 0.05
grams. 50nm annealed and amorphous WO3 samples were placed at both 750˚C and 700˚C. 4 total
samples were tested in the same run with identical processing conditions from previous tellurization runs
in terms of temperature ramping, growth time, Ar and H2 flow rates, and chamber pressure. Optical
images, Raman data, SEM, and EDS data of these samples are outlined below starting with annealed
sample at 750˚C. Although morphology changes are observed with decreasing temperature, the Raman
spectra for all samples tested with a small amount of selenium showed identical Raman shifts. See figure
44 for overlay of Raman spectra.

Figure 38: Optical microscopy images and Raman data for selenization/tellurization of 50nm annealed WO3 at 750˚C. (a) 40x
image. (b) 100x image. (c) Raman plot with peaks at 140, 154, 222, 258, 349, 375, and 396 (1/cm) with small secondary peaks at
493, 513, and 532 (1/cm).
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Figure 39: Optical microscopy images and Raman data for selenization/tellurization of 50nm amorphous WO3 at 750˚C. (a) 40x
image. (b) 100x image. (c) Raman plot with same exact peaks as 50nm annealed WO3 at 750˚C previously discussed. Blue curve
corresponds to Raman point scan taken on grey circular formations while the blue curve corresponds to Raman point scan taken
on surrounding film.

Figure 40: Optical microscopy images and Raman data for selenization/tellurization of 50nm annealed WO3 at 700˚C. (a) 40x
image. (b) 100x image. (c) Raman plot with same exact peaks as 50nm annealed WO3 at 750˚C.
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Figure 41: (a) FESEM image of 50nm annealed WO3 at 700˚C. (b) EDS plot showing presence of Al, O, W, Se, and Si with
weight percentages of 54.2, 36.9, 5.9, 3.0, and 0.0, respectively.

Figure 42: 40x images showing morphology changes across 50nm amorphous WO3 substrate due to temp profile change across
substrate.
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Figure 43: (a) FESEM image of 50nm amorphous WO3. (b) Raman plot with same peaks as previous samples. (c) EDS plot
showing presence of Al, O, W, and Se with weight percentages of 54.5, 36.2, 5.9, and 3.3, respectively.

Figure 44: Overlay of Raman spectra from tellurization/selenization of 50nm annealed and amorphous WO3 at 750˚C and 700˚C.
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The last experiment that was conducted was to place 50nm annealed and amorphous WO3
samples at 750˚C and 700˚C without the addition of tellurium. Processing conditions were identical to
previous tellurization runs.

Figure 45: Optical microscopy images and Raman data for 50nm annealed WO3 at 750˚C with no tellurium. (a) 40x image. (b)
100x image. (c) Raman plot of island structures showing same peaks as previous tellurization runs. (d) Raman plot of
surrounding film showing similar spectrum as previous tellurization runs.
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Figure 46: Optical microscopy images and Raman data for 50nm amorphous WO3 at 750˚C with no tellurium. (a) 40x image. (b)
100x image. (c) Raman plot of island structures showing same peaks as previous tellurization runs. (d) Raman plot of
surrounding film showing similar spectrum as previous tellurization runs.

Figure 47: Optical microscopy images and Raman data for 50nm annealed WO3 at 700˚C with no tellurium. (a) 40x image. (b)
100x image. (c) Raman plot of island structures showing same peaks as previous tellurization runs. (d) Raman plot of
surrounding film showing similar spectrum as previous tellurization runs.
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Figure 48: Optical microscopy images and Raman data for 50nm amorphous WO3 at 700˚C with no tellurium. (a) 40x image. (b)
100x image. (c) Raman plot of island structures showing same peaks as previous tellurization runs. (d) Raman plot of
surrounding film showing similar spectrum as previous tellurization runs.

Raman spectra for bare, cleaned sapphire and for amorphous 10nm WO3 are below, taken with
633nm laser for comparison and analysis purposes.

Figure 49: (a) Raman point scan centered at 700 wavenumber for bare sapphire showing peaks at 414, 573, and 746 (1/cm). (b)
Raman point scan centered at 400 wavenumber for 10nm amorphous WO3 showing sapphire peaks at 414 and 573 (1/cm).
633nm laser is not well suited for analyzing vibrational modes of WO3; 483nm laser is usually used.
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ii. Extended Closed System Growths
Static growths were first attempted with tellurization of 50nm amorphous WO3 thin films for 4
hours at 850˚C and 700˚C in hydrogen at an initial pressure of 500 mTorr. 50nm amorphous WO3
samples were placed at 850˚C and 700˚C during the same run, and 8 etched Te pellets were placed in hot
zone at 850˚C in a sapphire boat. Temperature ramping was identical to previous tellurization runs:
ramping rate of 25˚C/min from room temperature to 500˚C, held for 5 minutes, ramping rate of 10˚C/min
from 500˚C to 850˚C, and held for 4 hours at 850˚C. Raman and optical images for the 2 samples are
shown in figures 50 and 51 below, starting with the 850˚C sample.

Figure 50: Optical microscopy and Raman data for 4 hour extended growth of tellurization of 50nm amorphous WO3 at 850˚C.
(a) 40x image. (b) 100x image. (c) Raman of grey formation showing 2 peaks at 190 and 285 (1/cm). (d) Raman of surrounding
film with only one discernible peak at 285 (1/cm).
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Figure 51: Optical microscopy and Raman data for 4 hour extended growth of tellurization of 50nm amorphous WO3 at 700˚C.
(a) 40x image. (b) 100x image. (c) Raman of grey formation showing no clear peaks. (d) Raman of surrounding film showing no
clear peaks.

b. Analysis and Interpretation
Raman data on all tellurization samples indicate
that the structures and surrounding film are WO2 and
other nonstoichiometric tungsten oxide compounds, and
there is no evidence that suggests the reaction of
tellurium and tungsten to form tungsten telluride crystals
occurs. The evidence for this conclusion is the
comparison of Raman data with known Raman for WO2.
There are several pieces of literature reporting the Raman
spectroscopy of three dimensional bulk WO2 and WO2
nanorods56–58. In addition to this, tellurization samples
closely resemble those samples that underwent same

Figure 52: Raman of 1D WO2 nanorods and 3D bulk WO2
powders56.
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processing conditions with no tellurium added in the system, reinforcing the fact that tellurium is not
reacting with WO3. Ma et al synthesized one dimensional WO2 nanorods by hot-filament metal vapor
deposition at high-pressure Ar flow in an uncatalyzed vapor-solid process56. XRD and EDS analysis
confirm that the nanorods are composed of monoclinic WO2. Nanorods grow in randomly oriented
directions away from the surface. Most importantly, the article provides a comparison of Raman of bulk
WO2 powders and 1D WO2 nanorods, and suggests that the Raman bands of the 1D WO2 nanorods are
blueshifted and narrower, indicating phonon confinement associated with the 1D WO2 nanorod. See
figure 51 for Raman peak shifts, or wavenumbers, which closely match Raman peaks from tellurization
runs. Raman peaks presented in this paper for 1D nanorods (288.7, 335.4, 347.8, 484.9, 516.0, 603.2,
620.3, and 786.9 cm-1) very closely resemble those peaks from 50nm samples (288, 347, 425, 485, 515,
602, and 620 cm-1). This paper reports an additional peak at 335.4 cm-1, which can be seen in some of the
high intensity Raman spectra for both 10nm and 50nm WO3. The peak at 786.9 cm-1 is also present in
most Raman spectra for tellurization runs but cannot be seen on Raman plots because a high resolution
grating of 1800/mm and a center wavelength of 400 cm-1 are generally used, cutting off collection of
higher wavenumbers. For the Raman plot reported for 50nm amorphous WO3 at 850 cm-1 done with an
overload of tellurium, there is a large high intensity peak at 788 cm-1 that closely matches the peak
reported by Ma et al at 786.9 cm-1. In general, the Raman for both 3D and 1D WO2 formations is very
similar, and matches the Raman presented for tellurization runs although there are no peaks reported
below the main peak at 288.7 cm-1. For some 10nm runs, however, the peaks seem to be shifted about 5
cm-1 lower. For example, the 10nm amorphous WO3 sample at 700˚C with the snowflake structures has a
Raman spectrum with peaks at 163, 184, 282, 341, 414, 476, 508, and 597 cm-1, all shifted lower
compared to peaks reported for 3D bulk WO2 powder and even lower for peaks reported for 1D WO2
nanotubes. This sample had the lowest peak values reported for any other sample, and it also the sample
with the most ordered structure. High magnification AFM and FESEM images of 10nm amorphous WO3
at 700˚C also reveal that the snowflake structures are composed of needle-like nanorod structures. It is
unknown why the Raman for the snowflake-like structure found on the 10nm amorphous WO3 at 700˚C
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sample does not more closely resemble that of the WO2 nanorods, which the snowflake seems to be
composed of. One possibilty is that the center or core of the snowflake structures are solid, and only the
rod-like formations are found on the outer formations of the snowflake edges or dendrites. See AFM
image in figure 19.
Frey et al investigated the reduction
process of nonstoichiometric tungsten suboxide
phases and the growth mechanism of oxide
nanowhiskers with an application in subsequent
formation of hollow multi-walled WS2 nanotubes
from a surface reaction with reduced tungsten oxide
nanowhiskers58. Raman spectra has been reported
for WO2 and WO2.9 nanoparticles. See figure 52.
Although no peak wavenumbers are explicitly
stated, peaks can be seen below 200 cm-1,
reinforcing the idea that the material found in
tellurization runs are indeed WO2. Another
important piece of information to be gleamed from
figure 52 is the Raman spectrum for WO2.9
nanoparticles. This spectrum resembles the spectra
taken on parts of sample surrounding the WO2

Figure 53: Raman spectra of various tungsten oxides and suboxides58.

flower structures or nucleation sites indicating that our samples are a combination of WO2 structures or
nucleation sites surrounded by tungsten suboxides or nonstoichiometric tungsten oxides such as WO2.9. In
this paper, these suboxides are formed by a reduction of WO3, which is what seems to be occurring in the
tellurization process where WO3 thin films are held at high temperatures for long periods of time. 10nm
WO3 samples show existence of WO2 structures and surrounding material seems to be sub oxide
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compounds or sapphire substrate.
Some parts of 10nm samples have
spectra for sapphire, presumably
because of the shorter thickness of
starting WO3 thin films and much less
overall material that can easily leave
the surface at high temperatures. All
50nm samples show the presence of
tungsten suboxides surrounding the
WO2 nucleation sites, to various

Figure 54: Raman spectra of W2.9 nanoparticles under reduction at different times58.

degrees. Another figure from paper by Frey et al
shows further evidence of the reduction of WO3 to
WO2 and other nonstoichiometric tungsten oxides;
Figure 53 shows a reduction of W2.9 spherical
nanoparticles after different annealing times. After
60 minutes, the Raman spectrum resembles that of
WO2 Raman spectrum within a time frame very
similar to that spent by WO3 samples in our furnace
when ramping time is taken into account. It is
important to remember this reduction is done on
spherical nanoparticles as opposed to solid thin films
although Raman looks almost identical. Also, the
Raman spectrum taken 2 minutes after annealing
resembles Raman taken on certain parts of samples
with no discernible peaks, particularly blue regions
like those seen in tellurization of 50nm amorphous

Figure 55: (a) Raman spectra of tungsten oxides after different
thermal treatments and (b) Raman spectra of WO357.
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samples at 650˚C. This suggests that the nucleation sites consisting of WO2 are surrounded by tungsten
sub oxide compounds of various degrees of reduction, which is mainly dependent on temperature.
Ponzoni et al prepared tungsten oxide layers featuring different morphologies, dominated by
either nanoparticles or nanorods, by Pulsed Laser Deposition57. The Raman spectra reported for WO2 and
W18O49 (or W2.72) are further evidence of the existence of tungsten suboxides in our samples. The Raman
spectra reported for W18O49 very closely resembles that taken on parts of sample surface surrounding
WO2 nucleation sites. The existence of small black dots on some samples are most likely the results of
full reduction of WO3 into elemental tungsten. For example, this can be seen most clearly in the 100x
image of 50nm amorphous WO3 at 850˚C in the static run with growth extended to 4 hours. While the
sample placed at 850˚C shows this, the sample placed at 700˚C does not, which makes sense intuitively
for the following reason. The sample at the higher temperature of 850˚C should have much more
reduction, and 4 hours at this temperature should lead to the full reduction of WO3 to elemental tungsten
in some areas of the substrate surface. The sample at 700˚C does not show elemental tungsten because the
temperature is too low for full reduction of WO3 to take place within 4 hours.
For comparison of 50nm and 10nm samples, thickness seems to have an effect on the number or
density of nucleation sites. Thicker starting WO3 films have more WO2 nucleation sites. For the most part,
10nm and 50nm samples show similar final composition and morphology, except for the tellurization of
10nm amorphous WO3 at 700˚C which resulted in snowflake-like structures. This specific alignment of
WO2 nanorods is probably a factor of strain present in 10nm thick film, the lack of pre-existing crystal
structure in starting WO3, and rapid cooling of samples at low temperatures near the end of the furnace
and closer to cooling fans. The exact reason for this unique morphology and geometry is unknown and
would probably benefit from a closer examination of the possible phases and atomic structure of WO2 at
this temperature and surface energy of WO2 relative to Al2O3. Most likely, the growth of nucleation sites
in the thin 10nm film is dominated by the sapphire surface and two dimensional restriction unlike in the
thicker 50nm films which can have multiple growth modes present and 3D growth.
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One of the more perplexing outcomes is the analysis of 50nm and 10nm amorphous samples at
850˚C and 750˚C done with an excess of tellurium pellets in a hydrogen environment with otherwise
identical processing conditions. This run was done with etched pellets as well meaning the vaporization of
Te pellets would not be hindered by higher melting point oxidized ‘shell’. This leads to a higher vapor
pressure of Te, and consequently the partial pressure of H2Te, earlier on in the temperature ramping and
throughout the duration of reaction. 50nm amorphous WO3 sample placed at 850˚C with overload of Te
shows similar morphology as 850˚C 50nm amorphous sample using normal amount of tellurium in boat
(~0.22g for 2 samples and ~0.44g for 4 samples), but Raman shows film is composed completely of WO2.
Further evidence of this is the presence of bronze looking rods in the 100x image surrounding the
nucleation. Raman of these structures gave exactly the same Raman spectrum for WO2 reported in
literature, and WO2 is known to be bronze in color. The 50nm amorphous WO3 sample placed at 750˚C
with an overload of Te shows interesting blue formations with highest intensity peaks at 209 and 287
cm-1. EDS or other chemical analysis was not done on these samples but Raman still point to the
reduction of WO3 to WO2 and tungsten suboxide compounds as the dominating reaction. Most likely, this
difference in morphology is not due to the increase in tellurium in particular but the increase in total
pressure by excess of Te in the system. This hypothesis could be tested by testing the effect of chamber
pressure solely due to H2 and Ar instead. 10nm WO3 samples showed bare substrates. The explanation for
this is unclear. Regardless, the addition of almost 4 times as much tellurium did not accomplish any WTe2
growth still.
Another experiment that further demonstrates the slow kinetics of WTe2 synthesis by tellurization
of WO3 thin films is the experiment with the addition of 1 selenium pellet along with 7 other tellurium
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pellets. The Raman spectra for all 4 samples tested in this run,
amorphous and annealed 50nm WO3 placed at 750˚C and
700˚C, showed the same Raman shifts similar to those
reported for bulk WSe259. See figure 55 for Raman spectrum
for bulk WSe2 using 633nm laser. The high intensity peaks
from selenization samples are at 140, 154, and 396 cm-1,
which come close qualitatively to the peaks shown for bulk
WSe2 using the same wavelength excitation laser. EDS
analysis of films show presence Al, O, W, and Se elements
only. Al and O are picked up from the sapphire substrate, and
W and Se from WSe2. An ideal 2:1 Se:W molar ratio
Figure 56: Raman spectra for bulk WSe2 using
various excitation wavelength lasers59.

corresponds to 2.33:1 W:Se weight ratio. For annealed sample
at 750˚C, weight % of W is 5.9% and weight % of Se is 3.0%,

which corresponds to a W:Se weight ratio of 1.97:1, close to calculated weight ratio of 2.33:1. For
amorphous sample at 700˚C, weight % of W is 5.9% and weight % of Se is 3.3%, which corresponds to a
W:Se weight ratio of 1.79 W:Se, still relatively close to 2.33:1. This data suggest that 1 Se pellet was
enough to efficiently and easily selenize all 4 samples. Clearly, the reaction kinetics of selenization of
WO3 thin films are much faster than the reaction kinetics of tellurization of WO3 thin films, and selenium
completely dominated the reactions in the growth. Lastly, Raman peaks were high intensity and easy to
distinguish, suggesting thorough selenization of all WO3 films, regardless of temperature and annealing of
WO3. By extension, it is reasonable to assume that tellurization should not be so sensitive to temperature
and annealing of WO3, but the synthesis of WTe2 was still not achieved so tellurization of WO3 thin films
does not seem to be viable or practical method for WTe2 synthesis.
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VI.

CONCLUSION

a.) Summary
Tellurization of WO3 thin films was not successful for any temperature, thickness, or crystal
structure of starting WO3 thin films. Tellurization was also not successful for extended growth times,
overload of tellurium in the system, or acid etching of Te pellets to remove TeO2 oxidized layer. The
resulting morphology and composition of samples were little affected by the presence of tellurium in the
system. The grey nucleation sites seen on almost all samples were identified as WO2, and surrounding
film is most likely composed of nonstoichiometric tungsten oxide compounds such as W2.9 and W18O49 by
comparison with known Raman spectra for tungsten oxide and tungsten suboxide compounds. EDS
analysis also confirmed the lack of elemental tellurium present in samples after tellurization attempts.
While WTe2 formation is thermodynamically possible at these conditions, it is clear from this study that
the kinetics of the reaction are extremely slow. Other methods of WTe2 synthesis should be pursued over
tellurization of WO3, particularly with the conditions employed in this thesis.

b.) Future Work Suggestions
If tellurization of WO3 thin films is a desired method of WTe2 synthesis then other processing
condition variables should be explored, mainly pressure and gas composition. Although, if tellurization
did not occur even in small amounts in this study then it is doubtful that increasing pressure of hydrogen
and argon will have a drastic impact on WTe2 synthesis. The impact on hydrogen and argon on
tellurization and reduction of WO3 thin films should be explored by doing growths under hydrogen only,
argon only, and different ratios of hydrogen to argon at various total chamber pressures. Also, nitrogen
should be used as a carrier gas instead of argon to see if there is any effect there. One other similar
method that should be attempted is the tellurization of tungsten thin films, similar to the sulfurization of
molybdenum thin films to achieve atomically thin MoS2 previously mentioned. Due to the high melting
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point of tungsten, tungsten thin films must be deposited by electron beam evaporation and other advanced
thin film deposition technologies. However, other methods for WTe2 synthesis should probably be
explored altogether, such as CVD and metal organic chemical vapor deposition (MOCVD) using different
tungsten and tellurium precursors. These methods are the most scalable and diverse techniques.
Due to the apparent slow kinetics of a tellurium-oxygen ion exchange in WO3 thin films, other
tungsten precursors should be tested. One tungsten precursor of interest is previously mentioned tungsten
hexacarbonyl or W(CO)6. Long term static growths using W(CO)6 should be continued to be explored, as
mentioned in Design of Experiments section. However, preliminary results of static runs placing W(CO)6,
etched Te pellets, and bare sapphire in the same boat for growths over 2 hours did not result in WTe2
formation. The addition of custom designed or machined boats with effective covers could also be of
great use in guaranteeing containment of reactive species in a small volume. W(CO)6 should also be used
in CVD like growths also previously mentioned in Design of Experiments section. In both CVD and
extended closed system growth experimental designs, the vapor phase reaction of H2Te or Te with
W(CO)6 could form WTe2 and deposit onto a bare substrate. The high temperature furnace system in
N129 MSC is currently capable of running CVD experiments due to the recent construction of a separate
power source and temperature controller utilizing heat tape discussed previously. The separate heating of
precursors represents a much more advantageous method of controlling introduction of reactive species
independently into the quartz tube chamber and can explore the effect of using a much more volatile and
easily thermally decomposable tungsten precursor. The effect of temperature, pressure, and carrier gas
composition would all need to explored in a similar manner that was done in this study with tellurization
of WO3 thin films. CVD could also be explored with using WO2 and WO3 powders as well, but this is
unlikely given the extremely high melting points of WO2 (1700˚C) and WO3 (1473˚C).
In a related manner, this method should also be attempted on an MOCVD system. Indeed, this is
currently being conducted by Chia-Hui Lee and Sarah Eichfeld, a post-doc in Dr. Robinson’s research
group, on an MOCVD system in Dr. Redwing’s lab in MSC using W(CO)6 powder. Advanced MOCVD
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systems have very controlled flow rates of species into the reaction chamber and very precise, rapid
control over temperature ramping. MOCVD systems using induction heating can rapidly heat substrates,
unlike the custom built quartz tube furnace that the experiments conducted in this research were done in.
Preliminary MOCVD results show the presence of tellurium-tellurium bonding on samples, which is a
promising start considering the lack of tellurium found in any tellurization samples. MOCVD also
represents a scalable process, and it is one used prolifically in the thin film deposition of III-V
semiconductors. WTe2 synthesis by MOCVD can also be attempted with the use of different tellurium
containing gaseous precursors such as TeCl4. Custom gaseous precursors could be manufactured inhouse, as Te-containing precursors are rare and most likely very expensive.
Other possible WTe2 synthesis methods discussed in research group meetings are to try high
temperature anneals of Te on WO3 thin films or WO3 on Te thin films. Due to contamination problems
posed by Te in thermal evaporation systems, Te must be deposited in other ways. Rough Te thin films
could be deposited on pre-existing WO3 thin films on sapphire by placing WO3 samples in low
temperature parts of the furnace corresponding to a temperature range slightly below the melting point of
Te either in dynamic or static runs. Te can similarly be deposited on bare sapphire as well and then have
WO3 thermally evaporated on top in the normal manner. This has been recently attempted in the lab
during one of the static growths, but the existence and characterization of Te deposition is still not
concrete. Once these layered films are formed, they can be annealed at high temperatures, pressures, and
for extended periods of time to attempt a solid state reaction. WO3 on Te might be more effective in
trying to contain Te from vaporizing from the heterostructure.
Lastly, monolayer and few layer WTe2 should be mechanically exfoliated from single crystal bulk
WTe2 using scotch tape method. Once the existence of monolayer WTe2 has been confirmed by AFM and
other instruments, then the first ever characterization of WTe2 monolayer can be done with TEM, Raman,
XPS, FTIR, etc. This would be scientifically important to be the first to isolate and characterize monolayer
WTe2. Once this is done, electronic measurements can be made and devices can be fabricated from
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monolayer material in order to test electronic and semiconducting properties. This is something that should
be done relatively soon within Dr. Robinson’s research group. It is surprising to the author that this has not
been done before, given the fact that single crystal WTe2 has been successfully synthesized in the past and
mechanical exfoliation is not a difficult procedure.
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