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ABSTRACT

Tungsten ditelluride (WTey) is a transition metal dichalcogenide (TMD) with physical
and electronic properties that make it attractive for a variety of electronic applications.
Although WTe> has been studied for decades, its structure and electronic properties have
only recently been correctly described. We explored WTe> synthesis via chemical vapor
transport (CVT) method for bulk crystal, and chemical vapor deposition (CVD) routes for
thin film material. We employed both experimental and theoretical techniques to
investigate its structural, physical and electronic properties of WTe», and verify that WTe>
has its minimum energy configuration in a distorted 1T structure (Td structure), which
results in metallic-like behavior. Our findings confirmed the metallic nature of WTey,
introduce new information about the Raman modes of Td-WTe>, and demonstrate that Td-
WTe is readily oxidized via environmental exposure. These findings confirm that, in its
thermodynamically favored Td form. From our approach of developing WTe; thin film
materials via CVD processes, we have noticed that more reactive tungsten precursors could
be the key to carry out WTe, growth due to hydrogen reduction is the dominant reaction
for tungsten trioxide (WO3) tellurization process. We successfully obtain Td-WTe> thin
film on various substrates from changing tungsten precursor to tungsten hexacarbonyl
(W(CO)s). We verify the WTe> film in Td structure by confirming Raman signature with
synthesized WTe, from CVT process. Further characterization and optimization of the
growth process may be needed to understand WTe, growth mechanism, substrate effects
and growth conditions and achieve large area atomic layered growth of WTez. All of these
findings will help the utilization of WTe> in electronic device architectures such as field
effect transistors (FETs) may be reevaluated. More application should be explored for this

special 2D layered WTe2 materials.
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Chapter 1.

Introduction and Literature Review

Two-dimensional Materials and Their Applications

The rise of graphene was a defining point for the discovery and development of stable
two-dimensional layered materials (2DLM).}? This breakthrough has stimulated the
exploration of 2D materials such as hexagonal boron nitride (nBN)2 and transition-metal
dichalcogenides (TMDs)* of formula MXz, where M is a IVB-VIB transition metal atom
(IVB: Tiand Zr; V-B: Nb and Ta; VI-B: Mo and W) and X is a chalcogen (S, Se, or Te).
Due to the d-orbitals involved in their electronic structure, the TMDs exhibit a wide range
of electronic properties that have led to advances in practical devices, including field effect
transistors,>*?  photodetectors,’*!*  chemical®™®> and biosensors,!*® and nano-

electromechanical systems (NEMS).1%2

H MXZ He
M = Transition metal

Li Be X = Chalcogen B cC N o] F  Ne

Na Mg 3 4 5 6 7 8 9 10 " 12 Al Si P S Cl Ar

K Ca Sc Ti A" Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn  Sb Te | Xe

Cs Ba La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn  Uut FI' Uup Lv Uus Uuo

Figure 1.1.1. The transitional metals and three chalcogen elements compounds which
crystallize in layered structure. The half-highlighted elements means only some of the

dicalcogenides with these elements are in layered structures.?*



Two-dimensional (2D) TMD systems have been widely explored both experimentally
and theoretically for its electronic properties and device capability.*?2" Unlike three-
dimensional (3D) materials, they have weak van der waal bonds between layers which is a
great feature for device design to avoid shield electric field and electron traps when
compare to the defects and broken or dangling bonds on conventional semiconductor (e.g.
Si and GaAs) materials. Recent research on single layer single layered MoS, FETs has
demonstrated its moderate carrier mobility (60-70 cm?Ns’-#!) and up to ~10% on/off ratio
at room temperature.>?® Figure 1.1.2. the comparison of field effect mobilities and on/off
ratios for all candidate semiconductor materials, and TMDs are comparable to organics,

amorphous oxide and carbon nanotube semiconductor materials.?’

10° 10° 10° 10
10°} aTo {10°
2 organics single |
o CNT
£ 10%} {10°
IS
5 e 3
E} 102r E 10°
|
a3 - graphene-
L e Tt
10* 10° 10° 10*

Field effect mobility (cmst)
Figure 1.1.2. Field-effect mobility and on/off ratios of TMD materials in comparison

with other unconventional semiconductor materials.?®

The relative pristine interface without dangling bonds gives 2D materials great potential
moving on ultrathin tunneling field effect transistors (TFETs), while 3D semiconductor
materials suffer from interlayer transport properties. TFET is one of the leading candidate

for low voltage and low power consumption transistors. By changing the MOSFET



mechanism from field-controlled barrier to band-to-band tunneling, TFETs are expected to
achieve subthreshold swing (SS) < 60mV/dec for ideal thermionic devices at room
temperature. Tunneling effect for bulk semiconductors are often limited abrupt p-n
junctions and solubility of dopants in the crystal, while TMDs with energy bandgaps in ~1-
2eV range and no surface dangling bonds are perfect for lower power TFETs. Figure 1.1.3.
shows the experimentally measured TMD TFETSs SSs as a function of drain current, as well

as the simulated tunneling current of TMDs homojunctions against electric field.

(b) 10%

ZrSe,

10° -

T — -1, =800 pA um " (LP)~ —
1 HfSe, / /
HfS,

102 WTe, ZrS2 2

60 ——

10' 4

Subthreshold swing (mV dec™)
Sheet current density (pA um™)

10°

InAs/Si

0 ——rrrmy—rrm— T P Ty
T T w ‘ T F‘ T T

0% 10 10 107 10° 10 0 2
Drain current (uA pm™) Electric field (MV cm™)

w

Figure 1.1.3. (a) Experimental subthreshold swing (SS) as a function of drain current
compared with simulated results from Ghosh and Mahapatra®’ for MoTez, MoS2, and
WS materials. (b) Simulated tunneling current versus electric field for various TMD

homojunctions showing the potential of low-power TMD TFET transistors.3!

Weak van der waal interlayer bonding and relative low lattice mismatch facilitate 2D
materials integration simply by stacking layers in principle. 2D Heterostructures provide a

platform for new devices design such as tunneling transistors, memory devices and



ultrathin photodetectors. Monolayered Mo- and W- dichalcogenides heterostructures with
direct bandgap are predicted to have type-11 band alignment,'%3233 while the conduction
band minimum and valence band maximum are separated in the stacked materials. In this
case, electrons and holes are confined in different materials, and in the valence band of one
side can easily tunnel into the conduction band of the other material. This is highly expected
with the combination monolayered VIB-TMDs and IVB-TMDs. Figure 1.1.4. shows the
bandgap offset for bulk and monolayered TMDs materials and candidates to form this
heterojunction. First principal calculation has demonstrated the TFET performance of
different TMDs and TMD-combinations in Figure 1.1.5. Among these materials, single-
layer 2H-WTe> is expected to have the narrowest band gap of the semiconducting VIB-
TMDs at ~0.7eV.11?2343 This suggests a high electron mobility in all TMD candidates

that could maximize the efficiency of electron injection in TMD TFETs.82
% %

Figure 1.1.4. Band alignment and band gap information of bulk and monolayer 2D

2.5 17
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TMDs. The grey area indicates the band gaps for bulk TMDs materials, and the slash
green blocks indicates the band gaps for monolayer TMDs. The blue horizontal line

is the Fermi level for each materials.!!
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Figure 1.1.5. (a) TFETSs device schematic design plot using double-gated MX2 TMD
materials simulated in Lam et al.” Band offsets data were calculated and similar to
Figure 1.1.2. (b), (c) and (d) showed the current vs. surface potential simulation data

for (b) p-type; (c) n-type TFETs and (d) for paired TMD materials.



1.2 Fundamental Information of Transitional Metal Dichalcogenides (TMDs)
Transitional metal dichalcogenides (TMDs) in MX. formula have been widely
explored for their electronic properties and device performances in recent years. They have
graphene/graphite-like layered structure in hexagonal crystal system, where transitional
metal atom in sandwiched with two layers of chalcogenide atoms and form 6~7A thick for
single layer TMD. The M-X coordination of layered TMD crystals can be either trigonal
prismatic or octahedral. Depending on the stacking sequence, there are 2H and 3R structure
for trigonal prismatic coordination, and 1T structure for octahedral coordination for bulk
TMD crystals, showed in Figure 1.2.1. For single-layer TMD crystals, there are typically
two polymorphs: trigonal prismatic coordinated 1H structure, and octahedral coordinated

1T structure.



1T 2H

Octahedral O%O
.48

)
K K (% o ® s *

M Trigonal prismatic

M’ - Y
K K’ . . O X

P1S

dop.

Figure 1.2.1. Crystal structures of bulk TMD materials in different stacking sequence.
It demonstrates the M Xz hexagonal structure of M and X sandwiched layers, and the

side and top view of 1T, 2H and 3R layers stacking.®¢%

Electronic properties of TMDs vary with M-X coordination and their d-orbitals splitting
of the transitional metal. Depending on the number of long-pair electrons of transitional
metals filling the d-orbitals splitting with different coordination, TMDs can be either
semiconductors or metallic materials. Due to the character that d-electrons would
aggressively fill the non-bonding orbitals, TMDs with partially filled d-orbitals will

demonstrate metallic conductive feature, while the fully-filled ones will show as



semiconductors. For VI-B groups MX>, which means the MoX> and WXz (X=S, Se, Te),
are widely investigated based on 2H structure as semiconductors, and 1T phase as metallic
materials.?

Trigonal Prismatic (D,,,)

2H
¢

=

Octahedral (O,)
1T
?

Figure 1.2.2. The configuration and d-orbital splitting of two dominant coordination

of TMD crystals.

Change in number of layers may also affect the band structure of TMDs. Because of
interlayer coupling and the arise of quantum confinement effects, TMDs have indirect-to-
direct bandgap transition from bulk to monolayer.?* This can be verified by
photoluminescence of MoS; from weak emission in bulk form and enhanced in monolayer
form.?>® It is observed that the bandgap of monolayered MoS,, MoSez, WSz, and WSe; is

typically ~50% larger than bulk form,38:3°
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Figure 1.2.3. Band structure change from bulk to monolayered MoS:. The arrow from
top valence band (blue line) to lowest conduction band (green line) indicates the

transition from indirect bandgap to direct bandgap of Mo0S2.3740

Base on the assumption of the VIB-dichalcogenide polymorph, plus the fact of indirect-
to-direct band structure change with decrease of layer thickness, WTe, was expected to
crystalize in 2H phase with direct bandgap in single layer that could extract high device
efficiency. Figure 1.2.4. shows the band structure of bulk and single layer WTe calculated
with first principal calculation. The 0.7eV indirect bandgap for bulk-WTe, changes to
1.2eV direct bandgap for single layered-WTe,, which demonstrates the potential of

designing single layered 2H-WTe2 for highly efficient and atomically thin transistors.

10,21,22,25,34,35,41-43
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Bulk (2H)-WTe, Single Layer (1H) — WTe,
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Figure 1.2.4. Band structure for bulk (2H)-WTe2 and single layer(1H)-WTez. The
indirect bandgap of bulk-WTe2 changes to direct bandgap near K point for single

layered-WTex.

1.3 Synthetic Routes for Tungsten Ditelluride (WTez)
Despite the expectation on single layered 2H-WTe, from device-orientated research, the
lack of the mineral sources has delayed the development progress of WTe; FETSs. Synthetic

materials is essential to push forward the studies regarding to WTex.

1.3.1 Chemical Vapor Transport (CVT) Method

Chemical vapor transport (CVT) method is one of the promising ways to obtain bulk,

high purity crystals, and bulk TMDs crystals are one of them. This method was used to
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synthesize a wide range of TMDs that could not be easily find in natural sources, such as
TaS;, TaSez,**® MoTez,**® NbSe,.* In this method, accurately weighted transitional
metal and chalcogen element powders were mixed and heat up in a vacuum-sealed ampule
with a temperature gradient between two ends. A relative long synthesis time usually from
days to weeks are needed for insuring obtaining bulk crystals.>® Typically, a volatile
halogens such as chloride (Cl2), bromide (Brz) and lodine (I2) is needed in CVT method in
order to transform the nonvolatile product into gaseous form diffuse in the ampule. The
crystalline formation will take place if the conditions of chemical equilibrium is at
crystallization rather than volatilization. Depends on the thermodynamic nature of the
reaction of gaseous product and transport agent, crystallization may happen at the cold

zone while the reaction is endothermic, or hot zone while exothermic.51>2

From the tungsten-tellurium binary phase diagram,®*>* tungsten and tellurium would
form liquid alloy in a tellurium-rich phase, which also means the reduction of tungsten
melting temperature with tellurium. WTe could possibly form from tungsten and tellurium
liquid alloy under a pertitectic reaction at 1020°C.5 Knop and Haraldsen® studied W-Te
phase diagram®* and verified that WTe is the only W-Te compound that could be formed
obtained by direct synthesis in vacuum ampules with different W:Te element ratio. CVT
method was then used for growing single bulk crystals by adding transport agents such as
tellurium tetrabromide (TeBra),>5%¢ Br2,%"°8 tellurium tetrachloride (TeCls)*°. The chemical
equilibrium reaction for synthesis of bulk WTez is

WTe, + xBr = WBr, + Te,  where x=2, 3 or 4.%8
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in a two-zone or three-zone furnace for controlling the temperature gradient. Depending

on the partial pressure of transport agents, synthesis temperature could range from 973 to

1173K for 15 hours to 5 days.>*>%>9
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Figure 1.3.1. Phase diagram of Tungsten (W) — Tellurium (Te) with temperature T

against tungsten percentage 535460

1.3.2. Chemical Vapor Deposition (CVD) Method

Although high-quality bulk TMD crystals are suitable for studying basic material
properties and provide a platform for studying exfoliated TMD materials, they are still ideal

for small batches production. The high demand on thin film or single-layered TMD
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materials promoted studies of synthesizing TMDs via thin film deposition methods.
Among various deposition techniques including pulsed laser deposition,®* spray
pyrolysis,®? sputtering,®® dip coating and annealing® and atomic layer deposition (ALD),%
chemical vapor deposition (CVD) method has been very successful to carry out large-area

single-layered TMD materials.

Recent research involved CVD growth of monolayer TMD materials are mostly
transitional metal sulfides and selenides (formula: MX, where M: Mo, W; X: S, Se).
Various CVD synthesis routes have been outlined, majority involved thermally-assisted
sulfurization or selenization of transitional metals or transitional metal compounds.
Considering the high melting and boiling temperature of tungsten (M.P.=3695K,
B.P.=6203K) and molybdenum (M.P.=2896K, B.P.=4912K) which makes vapor phase
reaction impossible, they were pre-deposited on designed substrates by electron-beam
evaporation for sulfurization and selenization.%-% Instead of elemental Mo and W sources,
transitional metal oxides such as MoOs"® " and WO3*® were also often chosen as
transitional metal sources for their low sublimation temperature (MoOz: ~1073K; WOsa:
~823K). These oxides can be either pre-deposited on the substrates, or used as Mo and W

precursors for vapor phase reaction in CVD processes.

It was easy and straight forward to achieve chalcogenization by thermally evaporating
pure chalcogenides powders. When considering tellurization, it may be more challenging
compare to selenization and sulfurization due to small electronegativity difference between
Mo/W and Te, which means weaker bonding energy. This may also affect the stability for
Mo and W ditellurides at high temperature.”* Large-area molybdenum ditelluride (MoTey)

was successfully prepared by CVD telluirzation reaction by Lin et al.”* using MoO3 and
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Te powder evaporation in a flowing argon and hydrogen mixed gas at 700°C. However,

there is NO reports via CVD processes on tungsten ditelluride (WTey) to date.

The crystalline quality and coverage of Mo/W dichalcogenide thin film done by solid-
vapor deposition was limited due to residue from the impurity in the oxides, and defects
from oxygen atoms. In order to improve the crystallinity and control large domain sizes of
Mo/W dichalcogenide growth without residue, more sophisticated routes were developed
by using metal-organics or metal-halogen precursors. Vapor phase reaction in CVD
systems were very often seen for TMD monolayer growth. For transitional metal resources,
transitional metal-organic precursors such as Mo(CO)s"™ and W(COQ)s"™>® can be used as
precursor. Since they are stable in powder form, they can also be thermal evaporated for
chalcogenization processes. Other transitional metal sources including transitional metal-
halides such as MoFg,”” MoCls,”® WCls,” and oxo-halogen precursors WOCI® are also
successful employed in TMD materials synthesis with proper filtration system in the

downstream.

For chalcogen sources, a few selection of chalcogen compounds other than elemental
S/Sel/Te have successfully applied for CVD growth of TMDs. Simple but highly reactive
hydride gas such as H,S,”" H,Se®! has been successfully carried out high-quality Mo/W
sulfide and selenide monolayer growth. Delicate control of chalcogen precursor is needed
for achieving large-area growth, a wide variety of metal-organic precursors including
dimethyl-sulfide ((CHs)2S), 1,2-ethanedithiol (HS(CH2)2SH),%° 2-methyl-propanethiol
(CH3)sCSH)®® and the series of diakyl-sulfides/selenides like dimethyl-selenide
((CH3)2Se),®? diethyl-selenide (C2Hs)2Se)®! and di-tert-butylselenide®! were used for

synthesizing thin film Mo/W sulfides and selenides via CVD. Chalcogen chloride
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precursors (SeCls, TeCls) are also effective precursors for CVD method, however, yet

being explored for layered TMD synthesis possibly due to their deliquescence.

Up to date, there is no report on CVD-growth WTe; thin film materials yet. Although
many tungsten sources have already successfully brought out sulfides and selenides layered
growth, proper tellurium sources has not yet be explored for WTez, CVD growth. Tellurium
has a higher sublimation temperature at 450°C than elemental sulfur and selenium, and the
W-Te liquid phase at Te-rich region in W-Te binary system could potentially be an issue
for WTe, formation in short time CVD processes. On the other hand, the highly reactive
hydride for tellurium, H2Te, is commercially unavailable due to its unstable nature®. All
of these indicates that controllable and reactive Te sources would be the key to carry out

WTe> synthesis by CVD processes.



Metal
transformation

Soft chalcogenization
Mg + Xaq) —> MX;

Natural bulk

crystals

Chemical/mechanical
exfoliation

16

Chemical vapor
transport

Bulk crystal formation
M, + 2X,) + transport agent) —> MX; +TA

Xa(g/H2Xig) (Bryorly)
Substrate Substrate By ,— > B> Crystal
Powder - 7R }
Solid-state reactions -~ .
o Mg+ X —> MX; 9
b M Transition metal
Metal film dichalcogenide
Substrate Substrate
(MX3)
Chemical vapor « Molecular beam epitaxy Powder
deposition « Electrochemical synthesis vaporization
« Pulsed laser deposition
& Mo(CO)g + H,S - Spray pyrolysis & MoO; + H,S
© MoCls + H,S § MoCls +S
MoCls + Stgl Metal-organic MoO; +S
Ar/N. =~
precursors ;L_é—:,/x"*.\.i‘\\__] e
3 W(CO)s + (CHs),Se Other 3 WO;+ Se
= WCls +H,Se Y el = WSe;
= Substrate Xpowder T
2 ubstrate
g W(CO)s + H,S A WO+ S M-based powder
= WOs+H,S
T=200-1,100°C T=600-950°C
P=1-760Torr P=1-760Torr

Figure 1.3.2. Summary of techniques for monolayer TMD material synthesis.
Methods including chemical vapor transport (CVT) for bulk TMD single crystals,
powder vaporization carried out with flowing transfer gases in chemical vapor
deposition (CVD) furnace, and metal-organic chemical vapor deposition (MOCVD)

using metal-organic or metal-halogen precursors.8
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Table 1.3.2. Precursors that are used for CVD TMD thin film synthesis.

Precursors Transitional Metal Sources Chalcogen Sources

Types Mo W S/Se Te
Pure Element (Not practical due to high M.P.) S/Se Te
Oxides MoOs3) WOg3 - -
Hydrides - - H2S/H2Se(g) (Not available)
Metal-Halides MoClss) WClegs) SeClyg) TeClag)

WOCly)
Metal-Organics Mo(CO)g(s) W(CO)s(s) (CHz3)3CSH) (CHs)2Teq
MoSa(NHa)2q) (CHa3)2Sy/(CHs)2Seqy  (C2Hs)2Teg)

HS(CH2)2SHq) (CaH7)2Te)
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Chapter 2

Computational and Experimental Procedures

2.1 Experimental Materials and Substrate Preparation Processes

Tungsten ditelluride bulk crystal were synthesized from tungsten and tellurium
powders via chemical vapor transport method. Tungsten and tellurium powder used to
initiate the synthesis were purchased from Acros Organics and Strem Chemicals with
99.9% purity. Bromine (Brz) was purchased from Sigma-Aldrich with 99.8+% purity used

as the transport agent in the synthesis process.

Tungsten ditelluride thin film growth was also investigated via chemical vapor
deposition (CVD) on sapphire and silicon substrates. Tungsten trioxide (WO3) purchased
from Alfa Aesar Company (CAS No. 1314-35-8) with listed 99.8% purity, and W(CO)s
(tungsten hexacarbonyl) purchased from Sigma-Aldirch (CAS No. 14040-11-0) with
99.99% purity were used as tungsten precursors for WTe, growth. Tellurium shots with
average 2-5mm size (CAS No. 13494-80-9) and a listed 99.9999% purity were purchased

from Alfa Aesar Company, used as the tellurium source in all CVD growth processes.

Prior to all CVD growth processes of tungsten ditelluride, silicon and sapphire
substrates were cleaned by a cleaning procedure with various solvents, listed in Table 2.1.1.
Substrates were sonicated in acetone followed by isopropanol alcohol (IPA) solvents for
initial cleaning of organic residues on the substrates. Overnight cleaning by immersing the
diced substrates into Optic-clear are required to remove the sealant used for dicing the
substrates prior to the solvent and ultrasonic cleaning process. Following solvent cleaning,

substrates were placed in Nanostrip 2x solution, a stabilized sulfuric and hydrogen peroxide
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solution purchased from Cyantek, to remove organic residue and ionic contamination on
the surface. Running DI water cleaning after nanostrip process was necessary to clean out
the nanostrip solution left on the substrate. The cleaned substrates were dried using

nitrogen gun spraying on the surface right after taking out from DI water.

Table 2.1.1. Cleaning procedure silicon and sapphire substrates.

Step Chemical/Solution  Operating Temp. Duration
0 Optic-Clear Room Temp. Overnight
1 Acetone Room Temp. 10min
2 IPA Room Temp. 10min
3 Nanostrip 2x 90°C 20min
4 DI Water Room Temp. Running, 15 times
5 Nitrogen Gas - Drying

2.2 Tungsten Ditelluride Bulk Crystal Synthesis

Tungsten ditelluride (WTez) bulk crystals were produced by the chemical vapor
transport (CVT) method with bromine as the transport agent. A mixture containing
stoichiometric amounts of tungsten and tellurium powder were heated at 800°C for 3 days
in an sealed quartz ampoule (10 mm ID, 12 mm OD, 150 mm length) evacuated to 107
Torr range. The mixture was slowly heated from room temperature to 800°C for 12 h; slow
heating was used to minimize the possibility of explosion due to the strong exothermic

reaction that occurs during annealing. Some tellurium sublimed into the cooler zone of
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the ampoule (~350°C), so the two ends of the ampoule were kept at 950°C and 775°C for
another day to ensure that all the tellurium reacted with the tungsten. WTe single crystals
were grown from the synthesized powder by chemical vapor transport with bromine as the
transport gas at ~6 mg/cm?®. Bulk crystal used the synthesized WTe, powder and transport
agent in a sealed quartz ampule for 4 days. The hot and growth zones of which were kept
at 840°C and 900°C, respectively. The synthesized bulk crystals were pumped under

dynamic vacuum at room temperature for 1 day in order to remove any residual bromine.

Sealed Quartz Tube

B

oot %
840-775°C

Figure 2.2.1. Schematic plot for chemical vapor transport (CVT) for synthesizing
tungsten ditelluride (WTez) single crystal. Bromide (Brz) was chosen as a transport

agent in the sealed quartz tube and expedite crystal formation.

2.3 Mechanical Exfoliation Process

WTe; flakes were mechanically exfoliated onto freshly cleaned SiO; substrates via
the “scotch-tape” method®3. WTe; bulk crystals were exfoliated multiple times on the tapes
and then transferred to the substrates. Silicon substrates with 285nm to 350nm grown
silicon dioxide (SiO.) were used to carry the exfoliated tungsten ditelluride flakes for

further measurements. Each WTe, flakes were imaged by Olympus MX50 optical
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microscope under 5x, 10x, 20x, 50x and 100x magnification in order to accurately locate

and record their relative positions on SiO; substrates.

2.4 CVD Furnace Design and Operation

Tungsten ditelluride growth was carried out by hot-wall tube CVD furnaces with
quartz tubes. The CM Furnace (Serial Number: 950167) employed for thin film growth
processes in this work is a tube furnace compatible with 3 inch tube and equipped with a
36 inches heating element with a maximum heating temperature of 1200°C, controlled by
Honeywell UDC3000 heat controller. This furnace was designed for growth of TMD
materials including molybdenum disulfide (MoS>), tungsten diselenide (WSez) and WTe;
on multiple substrates. In order to prevent cross-contamination, liner tubes with 40mm
outer diameter (36mm inner diameter) x 48 inches length were used to carry out various
growth procedures. In all growth procedures, ultra-high purity (UHP) Argonne (Ar) and
UHP hydrogen (H>) carrier gas sources with two different mass flow controllers (MFC)
are used during growth. Temperature profile was done by controlling the hot zone
temperature from 500°C-1100°C to obtain the correlation between the temperature and

different sections of the tube furnace.

Pre-annealing process using 100% UHP-H> gas flow and heated up to 1000°C (> the
actual growth temperature) for one hour was applied prior to each growth process to clean
the residue on the liner tube and ceramic/quartz boats left from previous growth. Whole
CVD system was checked for the base pressure and gas leak rate prior to each growth

process.
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Figure 2.4.1. Schematic plot for CVD furnace employed in this work.

After pre-annealing process, cleaned substrates are loaded with designed amount of
tellurium shots in a quartz/ceramic boat to the hot zone of the furnace. Substrates can also
be loaded in another quartz/ceramic boat at downstream for deposition temperature studies;
tellurium shots can also be loaded in different sections in the upstream of the furnace for
sublimation temperature studies. The sources of tungsten can either be pre-deposited
tungsten trioxide films, or sublimation of tungsten trioxide and tungsten hexacarbonyl. The
details of the choices of precursors for growth, the temperature control of the furnace will
be discussed in Chapter 5. The ramp rate of the furnace is 25°C/min below 500°C, and
9°C/min above 500°C due to the limit of output power of the furnace. Ar and Hz gas with
various ratio flows continuously throughout the growth process. Pressure in the growth was

controlled by MKS 651C throttle valve constantly. The growth time, pressure and
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temperature are varied to achieve a complete study on WTe, growth via CVD. The

parameters are listed in the in Table 2.4.1.

Table 2.4.1. Growth parameters range for CVD-grown WTez processes.

Parameter Range
Growth Time 30mins — 240mins
Growth Temperature 650 °C - 950°C
Growth Pressure 100mTorr — 600 Torr

2.5 Characterization Techniques

All synthesized bulk, exfoliated WTe> samples, and CVD-grown samples were
characterized for their structural information, stoichiometry, physical properties and
stability. For structural information, it is required to confirm WTe> crystal structure and
purity of the synthesized WTe, powder and bulk crystals. X-ray powder diffraction (XRD)
can provide the scattering patterns of material from incident x-ray beam interaction with
the material lattice. We use PANalytical XPert Pro MPD theta-theta diffractometer with
Cu a x-ray source to confirm the powder and bulk crystal of WTe>. XRD patterns are
further analyzed by JADE (software with XRD databases including ICDD) is used to verify

the materials and crystal structures.

For stoichiometry and electron imaging, energy dispersive spectroscopy (EDS) on a
FEI Nova NanoSEM 630 FESEM were used to confirm the stoichiometry of both WTe>

powders and bulk crystals. The incident photon induce x-ray fluorescence which generated
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from transition of electron from outer energy shell to inner shell. The energy dispersive
spectrometer collects x-rays fluorescence signal plot them as counts versus energy curve,
and can be used to identify the elements. EDS was collect while imaging the crystal with
scanning electron microscope (SEM). The clear image and morphology of bulk crystal and
thin film WTe, were obtained with a Leo 1530 Field Emission Scanning Electron
Microscope (FESEM) operated at 2kV. The size of each exfoliated flake was measured by

the measuring scales on Leo 1530 FESEM system.

Raman spectroscopy are commonly used to provide a fingerprint of graphene and
many 2D materials. It observes the inelastic scattering or so-called Raman scattering
usually induced by a laser in the visible, near infrared to near ultraviolet range. The incident
laser interacts with the specimen with molecular vibrations and phonon excitation in the
material systems, causing the photons shifts up or down that give information about the
vibration modes in the materials. Raman spectra of exfoliated thick and few-layer WTe>
flakes on substrates were carried out using a Renishaw inVia confocal microscope-based
Raman spectrometer with a spectral resolution less than 1 cm™. Raman spectroscopty
(WiTec CRM200) with an incident laser wavelength of 488nm was also used to obtain
Raman spectra for aged WTe; and laser degraded WTe:> studies. SiO> substrates are used
for carrying the exfoliated WTe, flakes to provide clear vision under microscopes
compared to other substrates such as polished sapphire or silicon substrates, and reduce
residual heat from laser excitation as well. Laser power is controlled at 1.4mW for 488nm
and at 0.5mW for 514 and 647nm laser excitations. The acquisition time may be different
for different laser excitation to effectively avoid burned marks on the surface of exfoliated

flakes. All Raman spectra was normalized for analysis.
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Layer thickness and number of layers of the exfoliated WTe> flakes were determined
by atomic force microscopy (AFM) which operate by measuring force between the probe
and the sample with a sharp tip. It can measure the vertical and lateral deflections of the
cantilever by using the optical lever with reflecting laser. We used Bruker Dimension Icon
AFM in tapping mode in air. NanoScope Analysis ver.1.40 software from Bruker Corp. is

used to process and analyze the thickness data collected from AFM.

Electrical properties of WTe, samples of different thicknesses were tested using two
Ti/Au (Ti/Au=20/100nm) contacts made by a lift-off process at both edges of the exfoliated
WTe; flakes. Total resistance versus temperature measurements were collected by using a
Lakeshore Cryo Probe Station, which controlled the temperature from liquid nitrogen
temperature 77K to 400K under vacuum. Conductive atomic force microscopy (C-AFM)
using a gold-plated probe and contact mode on Bruker Icon was also used to observe the

electronic properties of exfoliated WTe; flakes on gold substrates.

Surface-sensitive x-ray photoelectron spectroscopy (XPS) based on photoelectric
effect irradiated with x-rays was a non-destructive technique used to study elemental
composition, bonding information and stability of WTe, flakes. The photoelectrons
originated in the first 5-10nm of the surface from incident x-rays eject from the surface and
captured by the spectrometer. The Kinetic energy (K.E.) of the emitted photoelectrons
equals to the difference of incident photon energy and the bonding energy (B.E.) of the

electron:
K.E.=hv—B.E. Equation 2.5.1

The XPS spectra we used to investigate WTe; stoichiometry and chemical states (oxidation

states) of the WTe, samples collected by Kratos Analytical Axis Ultra, using
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Figure 2.5.1. Schematic plot for the properties investigation plan for the exfoliated

flakes of synthesized bulk WTe2 with various characterization techniques.
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Chapter 3

Properties of CVT-grown Bulk Tungsten Ditelluride (WTe>)

3.1 Crystal Structure of Bulk Tungsten Diterlluride

Bulk WTe; single crystals were obtained from chemical vapor transport (CVT) as
described in section 2.1 using tungsten and tellurium powders and bromine as the transport
agent. The synthesized single crystals appear metallic in nature as shown in Figure 3.1.1(a).
Both the powder and bulk single crystals were characterized by x-ray powder diffraction
(XRD) to confirm the crystal structure of the CVT-grown tungsten ditelluride. Scanning
electron microscopy (SEM) images and electron dispersive spectroscopy (EDS) results

were also used to observe the crystal and verify the tungsten and tellurium ratio.

Figure 3.1.1. (a) Synthesized WTez crystals are mm sizes and mostly flat. (b) SEM

images also showed that WTe:z crystallites are mostly plate-structure.

Single crystals of tungsten ditelluride have platelet structure, and can be exfoliated
easily by scotch-tape method described in Chapter 2. SEM images of tungsten ditelluride

powder in Figure 3.1.1(b) also reveals a platelet morphology with no apparent angles that
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would be expected for hexagonal crystals. XRD (Figure 3.1.2) indicates an atomic
arrangement is based on the primitive orthorhombic space group Pmn2;, consistent with
the formation of the Td-WTe; structure. The experimental XRD pattern collected from bulk
WTe: crystal was compared to simulated XRD patterns based on the Td-WTe, and 2H-
WTe> structures, and will be discussed in chapter 4.4.1. The distinctive reflections of the

Td structure are present in the experimental diffractogram.
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Figure 3.1.2. X-ray powder diffraction (XRD) patterns confirms that WTe:

10 20 30

crystallizes in space group Pmn21 (Czv) in orthorhombic Td structure.

3.2 Bonding Information of Tungsten Ditelluride

To confirm the stoichiometry of the synthesized tungsten ditelluride, x-ray
photoelectron spectroscopy (XPS) is used to extract the composition WTe; flakes. The full
range XPS spectrum in Figure 3.2.1(a) can roughly verify tungsten to tellurium ratio, which
is further confirmed by calculating high-resolution elemental XPS spectra from W 4d and
Te 3d regions in Figure 3.2.1(b). The calculated results confirms a W:Te ratio of 1:1.9 for
bulk WTe; crystals, suggesting a slight Te deficiency.

Elemental XPS spectra of Te 3d and W 4d region was used to analyze the binding
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energy for WTe». Td 3d (571.80eV) and W 4d (242.30eV) regions were selected based on
the peaks not overlapping with the other elemental regions. W 4d was specifically chosen
due to overlaps of Te 4d and W 4f region. From peak fitting analysis of high-res spectra,
we obtained Td 3d3/2 and 3d5/2 at 582.51eV and 572.12eV, and W 4d3/2 and 4d5/2 at
255.41eV and 243.10eV, listed in Table 3.2. For binding energy differences smaller than
Modified Auger parameters (Equation 3.2.2)%8 from Wagner’s definition of Auger
parameters in Equation 3.2.1% is used to extract more information for synthesized WTe:
a = KEpyger — KEp, Equation 3.2.1%
a = KEgyger — (hv — BEp,)

Modified @ = a + hv = KEgyger + BEp, Equation 3.2.28%6
where  KEauger IS Kinetic energy (KE) of Auger electron and KEpe is kinetic energy of
photoelectron. Auger parameter results calculated from KE of Te MNN Auger and BE of
Te 3d5/2 (Table 3.2.2) and compared to NIST XPS database®®’, indicating the difference

of Te and WTez which can be used in identifying W-Te bonding.

Table 3.2.1 Binding energies from XPS peak fitting data for freshly exfoliated WTez.

Te 3d W 4d
Region/Sample Te 3d3/2 Te 3d5/2 W 4d3/2 W 4d5/2
WTe; Te WTe; Te WTe> w WTe; W
Fresh g
) 573.1° | 255.4 243.1 2435
exfoliated 582.51 - 572.12 8 L - 0 0

WTe2 surface

Table 3.2.2 Modified Auger parameter () for freshly exfoliated WTe.

Modified a Modified o for Te

Te Auger KE Te 3d BE 86
for WTe2 (NIST)
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Fresh exfoliated
WTe:z surface

491.99 572.12 1064.11 1064.9

Full range high-res XPS spectrum in Figure 3.2.1(a) is not only used to obtain the
bonding information for the exfoliated WTe2, but also to check for transport agent
impurities.  XPS data verifies that Br is not incorporated in significant quantities into the
WTe;. Close observation at the Br 3p region (~188.3eV) and the Br 3d region (~68-70eV)
shows that there are no Br peaks. Auger spectra in the higher binding energy region (not
shown here) were also checked for Br peaks, and verified that Br was below detection
limits.

(a) Full Range XPS Spectrum
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Figure 3.2.1. High-resolution XPS spectrum from a freshly exfoliated WTe: flake. The

full range spectrum in (a) shows no residue from transport agent from lack of peaks
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from Br element; (b) shows the high-res elemental spectra of Td 3d and W 4d region

that is used to calculate Td-WTez2 stoichiometry.

3.3 Raman Signature of Tungsten Ditelluride

To date, there are no reports on the vibrational properties of 2H- or Td-WTez. We
have explored the vibrational properties as a function of incident photon energy via Raman
spectroscopy, and the results are shown in Figure 3.3.1. Flakes of Td-WTe, were
exfoliated onto SiO./Si substrates (each >10 layers thick), and Raman spectra were
acquired from 647, 514 and 488 nm laser excitations. With 488 nm excitation, the
vibrational modes are dominated by peaks at 112, 118, 133, 163, 165, and 212 cm™. The
same vibrational modes are evident with excitation in low energy. But slight frequency
shifts at 133-135cm™ region and 210-212cm region, and an additional peak also appears
close to 118cm™ with both 514 and 647nm excitations. To understand the origin of the
Raman peaks, we used density functional perturbation theory (DFPT)® to calculate the
vibrational modes in Td-WTe>. The calculated modes, as well as the symmetry analysis
and their infrared and Raman activity are calculated by density functional theory (DFT) in
chapter 4 and listed in Table 4.4.2. The phonon modes that correlate to the experimentally
observed vibrations (Figure 3.3.1(a)) are shown in Figure 3.3.1(b). Because of the
structural distortion induced by metal-metal bonding, the out-of-plane vibrational modes
of Td-WTe; are not oriented perpendicular to the WTe; sheets. The out-of-plane Raman-
active modes for Td-WTe; are vibrating either along the W-Te bond or at an angle to the
vertical line, in contrast to the Aig mode of 2H-WTe, that involves atomic motion
perpendicular to the layer plane. The 118, 133-135, and 212 cm™ peaks in experimental

Td-WTe2 Raman spectra are identified as “tilted” out-of-plane A; modes at 119, 133, 218
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cm™ and tilted B, vibrational modes at 127 and 216 cm™. The out-of-plane A; mode at
119cm* and in-plane B, mode at 121cm™ from detailed phonon vibrational analysis result
can both contribute to Raman peak showed up near 118cm™ in Raman spectra resulted
from 514 and 647nm excitation. On the other hand, the two deconvoluted peaks near 163
cm™? and 166 cm™ in the 647nm Raman spectrum in Figure 3.3.1(a) are identified as the
in-plane B2 and A vibrational modes in different directions; the observed frequencies are
close to the calculated 159 and 167 cm™ frequencies in the model. The calculated results
of Raman-active modes in Table 4.4.2 may be too low in intensity (relative to the

background) to be observed in the Raman scattering experiments.

(a) Raman Spectra (b) Vibration Modes
647nm 212.89

b«

> a
A, 119 cm’! B, 159 cm™!
CA\ 1&E % 1°
>a b<
B, 121 cm! A, 167 cm™!

N

> > a
B11127 cm’! B, 216 cm™!

o/

n 1 n 1 n 1 n 1 n 1 n 1 " 1
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Wavenumber(cm™) A;133 em! A, 218 cm’!

Figure 3.3.1. (a) Raman spectra of Td-WTe2 using 647 (red), 514nm (green) and 488

nm (blue) laser excitation. The peaks in the spectra can be assigned to in-plane and
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out-of-plane (b) Raman-active vibrational modes obtained from vibration analysis
done by DFT calculation. The major peaks were processed with Lorentzian peak
fitting in both spectra, and the two distinct in-plane vibrational modes at 162 and

167 cm* were deconvoluted in the spectrum obtained with 647nm excitation.

3.4 Layered Thickness

The single layer thickness of tungsten ditelluride was important to identify the number
of layers for exfoliated sample. Although the theoretical models and XRD results can give
us a basic ideas about the single layer thickness of WTe, it is still very important to obtain
and confirm the single-layer thickness experimentally. Atomic force microscopy (AFM)
obtained from multiple exfoliated WTe> flakes in Figure 3.4.1 have verified the single-
layer thickness of WTe; is approximately 7A . This experimental result is comparable to
6.89A from the single-layer thickness of theoretical model and then later is used to identify

the amount of layers for exfoliated sample.
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Figure 3.4.1. Atomic force microscopy results from exfoliated tungsten ditelluride flakes.
The single-layered thickness of WTez around 0.7nm (7A ) was obtained from AFM

analysis of multiple exfoliated flakes.

3.5 Electronic Properties

Electronic properties of synthetic tungsten ditelluride was confirmed by temperature
dependent resistance measurements. Freshly exfoliated thick (9 - 130 layers in Figure 3.5.1)
Td-WTe, flakes were prepared for resistance versus temperature measurements to avoid
degradation. Two-terminal device structures were fabricated using titanium-gold
electrodes as shown in SEM images in Figure 3.5.2(a), (b) and (c). The thickness for each
flake was measure by AFM (shown in Figure 3.5.2(a), (b) and (c)) after the resistance

measurements.

The series contact resistance was found to be 6.76x10°Q-cm using a transmission line
measurement (TLM),®® and was subtracted from the total measured resistance. Figure
3.5.2(d) shows the temperature-dependent resistivity, which varies between 1x10° and
7x103Q-cm at 300K, depending on the layer thickness. The different values obtained at
different layer thicknesses suggest that the layer structure may affect carrier transport
though Td-WTez. Importantly, the resistivity of WTe: is strongly correlated to temperature,
increasing with increasing temperature over most of the range measured. The positive
temperature dependence of the resistivity and the bulk resistivity values, which are ~2
orders of magnitude higher than those of ordinary metals at 300K, ! are consistent with the
calculation that Td-WTe> is metallic in nature. We note that while two-terminal
measurements do not provide direct access to the carrier concentration, and therefore

confirmation of semi-metallic WTe,, they are sufficient to verify that Td-WTe; is not
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semiconducting — a critical point for the device community when considering this material

in electronic device architectures.
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Figure 3.5.1. SEM and AFM images of (a) 129-Layer (129L), (b) 37-Layer (37L) and

(c) 9-layer (9L) Td-WTe:2 Resistivity measurements as a function of temperature (d)



36

confirm that Td-WTez is metallic in nature (resistivity proportional to temperature),

rather than the semiconducting behavior recently suggested?”:31:34.35,

The resistivity versus temperature data is the only experimental proof for the metallic-
like characteristic of WTe,. However, the slope of the resistivity dependence of
temperature is not a straight line as it usually is for metallic materials. Our resistivity data

at 300K are also comparable to other data reported in the literature, listed in Table 3.5.1.

Table 3.5.1. WTe2 Resistivity (p) Data at 300K Compared to the Literature

Resistivity Data @300K
Journal Article, Year
p (Q-cm)
Brixner et al,,J. Inorg. Nuci. Chem., 1962°% 2.87x10°3
E. Revolinsky et al, J. Appl. Phys., 19644 2.5x10°
S. Kabashima, J. Phys. Soc. Japan, 1966°8 0.75x1073
S. K. Srivastava et al., J. Mat. Sci., 1985?® 2.5x1073
J. Callanan et al., J. Chem. Thermo., 1992%° 2.87x1073
J. Augustin et al.,Phys. Rev. B., 2000% 0.44x10°3
M.N. Ali et al, Nature, 2014% 6x10™
Current Work 7.09x104

3.6 Stability of Tungsten Ditelluride

3.6.1 XPS Analysis
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Stability of WTe; is a critical aspect of robust operation in a variety of applications.
In the case of exfoliated flakes, the Raman spectra evolved with time during the data
collection process, indicating that environmental sensitivity must be considered. Surface
characterization tools such as XPS and Raman spectroscopy were used to understand
surface stability and sensitivity to ambient conditions. Figure 3.6.1 summarizes the high-
resolution XPS, which compare fresh exfoliated WTe, with WTe; that was exposed to
ambient (air, 1 atmosphere, room temperature) conditions for extended periods of time.
The XPS peak positions of the fresh exfoliated and aged WTe; surfaces are listed in Table
3.6. Each XPS spectrum was calibrated with the carbon C 1s binding energy (BE) position
and corrected with instrumental relative sensitivity factors (R.S.F.) for each element. For
the high resolution elemental XPS spectrum, normalization of intensities was used to
compare spectra collected from the same exfoliated WTe, sample with increasing exposure
time to air. Note that W 4f region is not used here due to the overlap with Te 4d region at
lower BE area. Elemental XPS analysis reveals the evolution of a secondary chemical bond
in the Te 3d peaks corresponding to an increase in Te-O binding. The primary degradation
appears to be the formation of Te-O bonds, which is accompanied by a significant increase
in the intensity of the O 1s peak, and formation of a small energy loss peak at the left
shoulder of the W 4d region. This indicates that the WTe; surface is air sensitive, which
could affect the surface stability of few-layer exfoliated WTe> flakes, and the oxygen
contents keeps increasing with increase of exposure time. This also indicate that for the
measurements for exfoliated WTe> flakes, samples would need to be prepared freshly to
avoid surface degradation with oxygen or ambient exposure. Table 3.6 lists the binding
energies from peak fitting analysis of the Te 3d, O1s and W 4d regions of the spectra of

WTe; and surface-degraded (or oxidized) WTe,. There are two sets of Te 3d3/2 and Te
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3d5/2 binding energies from comparison between normalized high-res Te spectra and our
peak fitting analysis, which refer to the Te 3d binding energies of the fresh exfoliated WTe;
surface and those of TeO, from the NIST XPS database.>! These peak positions correlate
well with those of TeO., and confirm the formation of Te-O bonds under accelerated aging,
suggesting this as the mechanism of degradation for Td-WTe2 when exposed to air or a

combination of photons and air.>

Tew m O-Te

d e Fresh Surface

1 Day Exposure
——3 Days Exposure
w5 Days Exposure

Normalized Intensity

3432 3d 5/&*

<

4d 3/2,4d 5/2_

592 584 576 568 536 532 528 276 264 252 240 228
Binding Energy (eV)
Figure 3.6.1. Stability testing of WTez flakes in ambient air by high-resolution

elemental XPS spectra. XPS analysis reveals an increase in Te-O bonding in the Td
3d and O 1s spectra with minor changes in the W 4d spectra, indicating the formation

of TeO2z on the surface.
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Table 3.6. XPS analysis and peak fitting data for WTe2 and degraded WTe: surface.

Te 3d O 1s W 4d
Region/Sample Te 3d3/2 Te 3d5/2 W 4d3/2 W 4d5/2
WTe: TeO» WTe> TeO> - TeO>
(1) Fresh exfoliated
582.51 - 572.12 - 531.43 - 255.41 243.10

WTe: surface
(2) WTe2 surface
with 5 days 582.64 586.60 572.22 576.10 | 531.44 530.23 | 255.80 243.47
exposure to air

3.6.2 Raman Analysis

Raman spectra from 647nm laser excitation revealed deconvoluted vibration modes
compared to results from 488nm and 514nm laser, it was used to detect the degradation of
WTe2 sample surfaces. All of aged WTe, samples were stored in ambient environment and
collected Raman spectra using three period of 20 seconds acquisition time under 647nm
laser illumination. Figure 3.6.2(a) shows that the aged bulk WTe> surface have minor
changes in intensities of the in-plane vibrational modes near the 162-167cm™ region,
whereas the significant increase in intensities of the in-plane modes for the aged thin (~2-
4 layers thick) WTe> flakes. This results suggest the instability of exfoliated WTe; flakes
that the surfaces of exfoliated samples may change with time and storage environment.

However, when we correlate our XPS results to Raman results, Raman spectroscopy
may not be able offer the degradation correlates to oxygen exposure on the sample surfaces.
Hence, degradation of WTe, samples was expedited by laser degradation. During our
experimental work, it is found that with extended longer illumination time and strong laser

illumination (ex. three periods of 45-60 seconds acquisition time using 647nm laser, or
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using stronger laser excitation like 488nm or 514nm laser with 2 times of 20-30 acquisition
time), WTe> surface is visibly modified (with burned holes on the surface). In Figure 3.6.2
(b), two new vibrational modes at 124 and 142cm™ which correlate to the formation of

tellurium oxide (TeO>).

(a) Raman for Aged WTe, (b) Raman for Laser-degraded WTe,
==Fresh WTe, Flake Surface ==Fresh WTe, Flake Surface
—— Thick flake after 13 days in Ambient Laser-degraded WTe, Surface
3} Thin Flake after 7 days in Ambient b
= =
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Wavenumber(cm-!) Wavenumber(cm™)
Figure 3.6.2. The Raman spectrum after 13 days of air exposure for aged WTe:2
samples in (a) shows the small intensities change in for bulk surface and a large
increase for thin-layered samples for the two in-plane modes in the 160-167cm™
region. The Raman spectrum of a laser-degraded sample in (b) suggests that

photon-assisted oxidation can lead to rapid degradation of WTe2 via the formation of

TeOo.
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Chapter 4.

Theoretical Calculation of Tungsten Diterlluride (WTe2)

4.1 Theoretical Calculation Setup

4.1.1 Tungsten Ditelluride Model

Theoretical modeling of Tungsten ditelluride (WTe2) was essential to elucidate the
electronic band structure and provide comparable details for experimental work.
Hypothetical 2H-WTe; in hexagonal crystal structure P6s/mmc (point group Den) was built
based on the lattice parameters and atomic positions provided in Kumar et al.>** and Ding
et al®® which were originally transferred from 2H-MoS, models. Td-WTe; models in
orthorhombic crystal structure Pmn2; (point group Cay) used in this work were based on
calculated atomic coordinates of WTe, XRDdata reported by multiple articles®™®>"% in
Table 4.1.1 collected from The International Centre for Diffraction Data (ICDD)
Database.” The early papers by Brixner L. H. et al®> and Brown B.E.%" reported and
calculated the atomic positions of synthesized WTe; crystals, while Mentzen B.F. et al®
and Mar A., et al®® from ICDD database further updated the space group to Pmn2; by
following priority rule of Hermann-Mauguin notation.®® This priority rule in
crystallography indicates that a mirror plane has priority over an n-glide plane, whereas the
point group remains the same, which means the energy calculation after geometry
optimization and convergence tests maintained equally effective. Therefore, though our
original models of Td-WTe, were based on the first credible atomic positions in Pnm2;

structure reported by Brown B. E.* in 1966, our depiction of the unit cell and K-paths for
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band structure calculations have later been updated accordingly to Pmn21, which remained

space group number (31), point group Coy.

Table 4.1.1. Experimental Td-WTe: Lattice Parameters from ICDD Database

Lattice Parameters (A )

Reference PDF# Space Group b .
Brixner L.H. etal, 1962%  04-004-9139  (31) P2lmn  14.028  3.495 6.27
Brown B.E., 1966°’ 04-007-9333  (31) Pnm21  6.282  3.496 14.073
Opalovski A. A. etal, 1970 04-004-5951  (31) Pmn21  3.483 6.278  14.054
Obolonchik V.A. et al, 1972  04-003-6079  (31) Pmn21 3.489 6.285  14.080
Mentzen B.F. etal, 1976%  04-003-2315 (31) Pmn21  3.483  6.265 14.043
Mar A., et al, 1992% 04-007-0799  (31) Pmn21  3.477 6.249 14.018

The original crystal data and unit cell parameters of the 2H- and Td-WTe; initial crystal

structures are listed in Table 4.1.2. The initial atomic coordinates of the tungsten and

tellurium atoms in the 2H- and Td-WTe; unit cells are also included in Table 4.1.2. WTe;

single crystal models in 2H and Td structure with their reciprocal space are shown in Figure

4.1.1.
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Table 4.1.2. 2H- and Td-WTez initial crystal structures.

2H Structure34%

Td Structure®

Crystal System Hexagonal Orthorhombic
Space Group P6a/mmc Pmn2;
Point Group Dén Cav
Unit Cell Parameters
a(d) b(A) c(A) a(d) b(A) c(A)
3.60 3.60 14.18 3.50 6.28 14.07
Initial Coordinates
Atoms
u \Y w ) \Y W

W1 0.3333 0.6667 0.2500 0.5000 0.9005 0.0000
W 2 0.6667 0.3333 0.7500 0.0000 0.0995 0.5000
W 3 n/a 0.0000 0.5414 0.9851
W 4 n/a 0.5000 0.4586 0.4851
Tel 0.3333 0.6667 0.6210 0.5000 0.2941 0.0965
Te 2 0.6667 0.3333 0.1210 0.5000 0.8517 0.3893
Te3 0.6667 0.3333 0.3790 0.0000 0.7059 0.5965
Te4 0.3333 0.6667 0.8790 0.0000 0.1483 0.8893
Teb n/a 0.0000 0.8002 0.1400
Te6 n/a 0.0000 0.3559 0.3449
Te7 n/a 0.5000 0.1998 0.6400
Te8 n/a 0.5000 0.6441 0.8449
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Figure 4.1.1. Single crystal structures, side view and plane view of (a) hexagonal 2H-

WTez; (b) orthorhombic Td-WTe: theoretical models.

Geometry optimization of the initial structures was followed by the calculation of their
electronic structures, vibrational properties, as well as enthalpies of formation as function
of pressure, within Density Functional Theory (DFT), as implemented in CASTEP® in
Materials Studio, Accelrys (accelrys.com), as well as in Quantum Espresso 5.1.1%° The
Local Density Approximation (LDA) as parameterized by Perdew and Zunger'®1%? was
selected for exchange and correlation functional, and dispersion corrections were

implemented following the semi-empirical Grimme method (LDA+DFT-D).1%%1% Norm-
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conserving pseudopotentials were used for all the elements. The relaxed LDA coordinates
of the tungsten and tellurium atoms in the 2H- and Td-WTe> unit cells are also included in
the bottom part of Table 4.1.3. Since WTez layers are bound by weak van der Waals (vdW)
interaction, we also performed a structural optimization using the Grimme method for van
der Waals corrections, %1% put it was observed that LDA yields a better description of the
stacking distance, as summarized in Table 4.1.3. The relaxed WTez models are further used

for extract information of materials properties and vibration modes.

Table 4.1.3. DFT Calculation results of WTez in different crystal structures

WTe, Structures 2H Td
Lattice Parameters Lattice Parameters
Bulk Model
a b c a b c
LDA CA-PZ 3.49 3.49 13.78 3.46 6.24 13.73

Relaxed Coordinates

Atoms
u % w u v w
W1 0.3333 0.6667 0.2500 0.5000 0.8998 0.0007
W 2 0.6667 0.3333 0.7500 0.0000 0.1002 0.5007
W 3 n/a 0.0000 0.5414 0.9845
W 4 n/a 0.5000 0.4586 0.4845
Tel 0.3333 0.6667 0.6190 0.5000 0.2936 0.0965
Te?2 0.6667 0.3333 0.1190 0.5000 0.8526 0.3889
Te3 0.6667 0.3333 0.3810 0.0000 0.7074 0.5964
Ted 0.3333 0.6667 0.8810 0.0000 0.1474 0.8889
Teb n/a 0.0000 0.7976 0.1433
Teb6 n/a 0.0000 0.3547 0.3419
Te7 n/a 0.5000 0.2024 0.6433
Te8 n/a 0.5000 0.6453 0.8419
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4.1.2 Convergence Study

The 2H-WTe> and Td-WTez models have conducted convergence test in order to reach the
optimum calculation time and settings on cut-off energy and k-points grid for further
calculation. Total energies relaxed by LDA CA-PZ in CASTEP using combination of (1)
cut-off energy of the plane wave basis set at 500eV, 680eV, 700eV, 720eV, 740eV, for
both 2H- and Td-WTe>, and up to 800eV for Td-WTe>; with (2) Monkhorst-Pack k-points
grid of from 2x4x1, 4x8x2, 6x12x3, to 8x16x4 for Td-WTey; 4x4x1, 8x8x2, 12x12x3,
16x16x4 for 2H-WTe, sampling of the Brillouin zone are used for convergence analysis.
Convergence test results on total energy for 2H- and Td-WTe2 models are shown in Figure
4.1.3. The cut-off energy 740eV was chosen for both 2H- and Td-WTe, models from the
lowest computation time, and lowest fluctuation in total energy results. Sampling size on
k-points grids of 8x16x4 for Td-WTe, and 16x16x4 for 2H-WTe> were selected

considering the balance between results validity and the cost of calculation time.
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Figure 4.1.3. The convergence results from low to high cutoff energy with small to

large k-points grid for (a) 2H-WTez and (b) Td-WTeo.

Under these computational conditions the total energy and band gaps were converged to
0.1 meV. Geometrical optimizations were performed for both the LDA and LDA plus DFT-
D functions until the structures reached configurations with energy differences of 5x10°

eV/atom , and forces were less than 0.01 eV/A.
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4.3 Calculation Results and Discussion

4.3.1 Crystal Structures

The 2H-WTe; structure (Figure 4.1.2(a)) has hexagonal symmetry. The upper and lower
tellurium atoms are bonded to a central W atom, forming a trigonal prismatic arrangement
similar to that found in 2H-MoS; and 2H-WSe,.21% The Td-WTe; structure (Figure
4.1.2(b)) is similar to that of the 1T polytype, in which the upper tellurium atoms are rotated
by 180° with respect to the lower tellurium atoms, forming W-centered octahedra. However,
in Td-WTe, the tungsten atoms are shifted by 0.87 A in the layer plane and 0.15A in the
perpendicular direction (along the c-axis) from the center of the octahedron. This shift of
tungsten atoms results from a shortened metal-metal distance in transition metal
tellurides® due to strong intermetallic bonding.>®>% As a consequence, the tungsten atoms
are unequally spaced and form a zigzag chain along the a-axis (Figure 4.1.2(b)). The
distances between tungsten atoms in Td-WTe; alternate along the b-axis at 2.862 and 4.394
A, in contrast to the 2H phase where they are equally spaced at a distance of 3.6 A.
Additionally, the tellurium atoms are no longer coplanar, but instead exhibit a zigzag
structure with 0.6 A c-axis variation in atomic positions. Finally, the tungsten—tellurium
bond lengths are also uneven at 2.719 and 2.815 A, compared to a uniform 2.769 A for 2H-
WTe,. These changes in bonding environment result in the lowering of the lattice
symmetry from hexagonal to orthorhombic. Te-W-Te angles in Figure 4.3.1 also shown
within the Te layers are 75.7° and 83.3° for the upper Te layer and 81.9° and 80.2° for the
lower Te layer; the analogous bond angle is 81.1° in 2H-WTe;. The upper Te-W-lower Te
bond angles are 77.4°, 97.8° and 116.1° compared to equivalent 82.7° angles in the 2H

structure.
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(a) 2H-WTe2 Structure (b) Td-WTe2 Structure

Figure 4.3.1. Te-W-Te bond angles in the (a) 2H-WTe2 and (b) Td-WTez structures.

The crystal structure plays a significant role in the characteristic electronic properties of
WTe,. Based on the optimized structures of 2H- and Td-WTe., we have calculated the
electronic full band structures displayed in Figure 4.3.2, and band gap and magnified band

structure details are summarized in Figure 4-6. The band structure and density of states
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(DOS)of 2H-WTez is shown in Figure 4.3.3(a) and (b). The d-orbitals of tungsten split into
three different bands and the 2H-WTe; trigonal prismatic coordination gives rise to a
calculated 0.702 eV bandgap. In contrast, the magnified band structure in Figure 4.3.3(c)
of band-crossing, combined with the result of low DOS at the Fermi energy of bulk Td-
WTe:> in Figure 4.3.3(d) shows that it is a semimetal, with few bands crossing the Fermi
energy in the three main axes of the Brillouin zone. The highest valence band bends upward
while the lowest conduction band bends downward to form a 0.21eV overlap, confirming
the findings of Augustin et al.®® A detailed calculation of the band structure around the
crossing point in the T'X segment shows an indirect band overlap of 0.3 eV, with a
separation of 11 meV among the bands at their closest point (see inset in Figure 4.3.3(b)),

which is well below the thermal energy at room temperature (25 meV).
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Figure 4.3.2. Full electronic band structure for the hexagonal (2H) phase (top), and

the distorted tetragonal (Td) phase (bottom) of WTex.
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Figure 4.3.3. The electronic band structures (a) and (b) density of states both indicate
that bulk WTez in the 2H structure has an indirect 0.702 eV bandgap. Bulk WTez in
the Td structure (c) has a 0.21eV band overlap in I'-X, and the density of states (d)

reaches a minimum, but never goes to zero near Fermi level.

It is known that the local density approximation (LDA) in DFT tends to overbind
chemical interactions, resulting in bonds (and lattice parameters) that are usually 1-2%

shorter,°” and for van der Waals interactions this overbinding can be slightly larger, and it
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provides an excellent description of the vibrational properties. Our final lattice parameters
listed in Table 4.3.1 were 3.46 (-1.14%), 6.24 (-0.6%), and 13.73 (-2.4%) for Td-WTe,
which are well within the expected accuracy for DFT-LDA. The LDA plus the semi-
empirical Grimme method (LDA+DFT-D) employs a semi-empirical correction of the
electrostatic potential that results in a larger overbinding in the c-axis, which leads to a
smaller lattice parameter for c-axis. But when we check band structure in different
pathways in Brillouin zone, results from DFT-D semi-empirical correction lead to a wider
band separation, which could be a useful observation for resolving band overlap for van
der Waal solid interaction in c-direction. Figure 4.3.4 displays the comparison between
LDA and LDA plus DFT-D band structure in Brillouin zone path. The band structure of
Td-WTe2 models calculated by LDA+DFT-D (I'-X in Figure 4.3.4(c) and I'-S in Figure
4.3.4(f)) all show wider band separation than the results calculated by LDA (I'-X in Figure
4.3.4(b) and I'-S in Figure 4.3.4(d)); however, the results for c-axis lattice constant is
smaller for LDA plus DFT-D (Table 4.3.1). As a result, DFT-D correction can be used for
calculating band structure for solving overbinding caused by “pure” LDA, but may not be
reasonable for semimetal Td-WTe. calculation. Hence we only employ the models
geometrically optimized by LDA to state the crystal structure and further materials
properties but not employing such corrections for semimetal Td-WTe,. Here we suggest
that while there are other methods that might provide increased accuracy in van der Waals
interactions, the high computational cost associated with these methods is not justified
given that we already have an excellent agreement in bond lengths and stacking distance.
The validity of a model resides in its capacity to explain and predict experimental
phenomena, being careful to stay within the bounds and limitations of such model. In our

case, we have been careful to stay within the bounds of DFT-LDA.
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Table 4.3.1. Comparison between LDA (CA-PZ) and LDA with semi-empirical
Grimme method (LDA+DFT-D) calculation for results of the geometric optimized
WTez crystal lattice parameters and bandgap (Eg) in 2H and Td crystal structures

WTe: Structures 2H Td
Lattice Parameters Bandgap, Lattice Parameters Bandgap,
Bulk Model gap 9ap
a b c Eg(eV) a b c Eg(eV)
LDA CA-PZ 3.49 349 13.78 0.706 3.46 6.24 13.73 0
LDA+DFT-D 3.47  3.47 13.61 0.630 3.46 6.25 13.43 0
Brillouin Zone Path LDA LDA+DFT-D
(a) () EnergyieV) (€)Eneray(eV)
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Figure 4.3.4. Comparison of the band structure in different Brillouin Zone Path (a)
I'-X and (b) I'-S with LDA and LDA plus DFT-D for Td-WTez. Band separation from
LDA to LDA plus DFT-D along different path can be observed when comparing (c)

and (d) with (e) and ().
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4.4 Materials Properties Calculation

4.4.1 X-ray Diffraction Patterns

We have analyzed our WTe> experimental x-ray diffraction (XRD) patterns with the
existed WTe diffraction patterns PDF#04-007-0799 in ICDD database, and confirmed the
bulk WTe; single crystal is orthorhombic crystal system. The theoretical XRD patterns of
both Td-WTe, and 2H-WTe> are obtained from CASTEP results using relaxed models,
shown in Figure 4.4.1 (b) and (c). They are then compared to experimental XRD pattern in
Figure 4.4.1(a), showing the lattice planes (022) and (112) close to 26=32.5, and (023),
(113), (024), and (122) across 26 area from 35 to 42.5 from experimental XRD data closely

matches with the theoretical results from our Td-WTe, model.

(a) Experimental XRD of WTe2 Bulk Crystal
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Figure 4.4.1. X-ray Diffraction Patterns for (a) experimental WTez bulk crystal; (b)

theoretical Td-WTez; (c) theoretical 2H-WTez.
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4.4.2 Raman Vibration Modes

We have used CASTEP to calculated Raman and IR active modes and spectrum. The
cost of time (> 30 days) and resources was expensive to obtain successful output results
for 2H- and Td-WTe2. For 2H-WTe, models, the Raman frequencies results using
CASTEP are comparable to reported results?® and refined by our calculation settings, listed
in Table 4.4.2. However for Td-WTez, even though we have obtained one successful results
from CASTEP, Td-WTe, models have difficulties to reach convergence due to the band
crossing and semimetal feature previously displayed in Figure 4.3.3. As a result, phonon
frequencies and symmetry analysis of IR and Raman activities were calculated with DFPT
8 and listed in Table 4.4.2 in order to compare our experimental Raman spectrum for Td-
WTe>. Vibration modes frequencies and motions analysis are used as the basis for peak

fitting analysis for5 the experimental Raman results in Figure 3.3.1.
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Table 4.4.2. Calculated vibrational modes, symmetry classification, IR and Raman

activities for 2H- and Td-WTez structures. (A = active)

Structure 2H-WTe; Td-WTe,
Frequency L IR- Raman- Frequency L IR- Raman-
Mode Classification . . Classification ] ]
(cm™) active active (cm™) active active
1 9 A1 A A
2 28 Ezg A 25 B: A A
3 126 Eig A 28 A A
4 183 Agg A 73 As A A
5 200 Ezg A 85 B: A A
6 201 Ew A 91 B> A A
7 242 Az A 95 Az A
8 115 Az A
9 116 B2 A A
10 119 As A A
11 119 Az A
12 121 B2 A A
13 122 B: A A
14 127 B: A A
15 130 B: A A
16 133 As A A
17 134 As A A
18 137 As A A
19 138 B: A A
20 159 B2 A A
21 159 Az A
22 164 B: A A
21 167 Az A
22 168 B2 A A
23 168 As A A
24 181 B: A A
25 182 As A A
26 216 As A A
27 218 As A A
28 220 B: A A
29 239 B: A A
30 239 As A A
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4.5 Phase Transition of 2H- and Td- WTez

To understand why the Td structure is favored, the enthalpies of formation of 2H and
Td-WTe, were calculated within a pressure range near equilibrium, which is close to the
condition of chemical vapor transport (CVT) synthesis. Under no experimental conditions
that we are aware of has CVT been accomplished at greater than atmospheric pressure
(1x10* GPa). Traditionally, the synthesis occurs in the millitorr range (~1x10® GPa),
therefore, the pressure range we have chosen is valid for describing the equilibrium
properties of WTe2. We chose to extend the plot out to 0.6 GPa because it would cover all
circumstances where WTe> could be grown at higher pressures (0.6 GPA = 87,000 psi =
4.5x108 Torr = 5900 atm). As is evident from Figure 4.5.1, the enthalpy of formation for
the Td structure is lower at equilibrium (zero pressure) by 0.58 eV per WTe, formula unit.
This is also the case for non-equilibrium synthesis conditions up to at least 0.6 GPa.

Enthalpy Calculation

m ® .23748
- --2374.9

] - -2375.0

2H - L 4 -2375.1
n 423752
--23753
" +4-2375.4

—-23755

H(eV)/per WTe, unit

123756
Td - {23757

4 -2375.8

i IS N [SOUN CENSPSS [ 223759
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

P (GPa)

Figure 4.5.1. DFT calculation results indicates that the enthalpy of formation of the
Td-WTe2 phase is lower than that of the 2H phase, regardless of pressure, indicating

it is the most stable form of bulk Td-WTeo.
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Although pressure cannot promote phase transition of Td-WTe, to 2H-WTe, it can
induce superconductivity of WTe,. From recent study done by Pan et al.®
superconductivity can be introduced by applying a high pressure of 2.5GPa, and reach a
maximum critical temperature (T¢) at 7K at around 16.8GPa. Figure 4.5.2 summarized their
findings of pressure-induced lattice constant strain (Figure 4.5.2(a)), and further boost the

superconductivity.
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Figure 4.5.2. Summary of pressure-induced superconductivity of Td-WTez. By
applying a high pressure from 2.5GPa which causes lattice distortion and fermi level
change, WTe2 reached critical temperature around 2-3K at 2-4GPa, and increase to

Tcof 7K at 16.8GPa.
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Chapter 5.

Tungsten Ditelluride Thin Film Deposition

5.1 WTez Thin Film Materials

One of the crucial steps toward device application and electronics is to develop
controlled production of large-area and high-quality WTe; thin film materials. Chemical
vapor deposition (CVD) is a versatile and industry compatible technique which has been
the research focus to bring atomically thin TMDs ready to use. However, tungsten tellurides
has yet been studied via CVD methods. Within this work, a variety of CVD processes have

been explored to approach atomically thin WTe; synthesis.

5.2 Tellurization via Chemical Vapor Deposition Method

Transitional metal oxides have successfully been used for many monolayer TMD
materials synthesis via CVD methods. Mo and W sources react with pure sulfur or selenium
vapor for MoS,,"1%8 WS, 1% and WSe,!® monolayer growth. These synthesis routes
involves thermally evaporated chalcogen vapor are defined as sulfurization or selenization.
Since we are targeting to thermally evaporate tellurium powder/shots for tellurium gas, we

called these reactions “Tellurization.”

There are a variety of tungsten precursors could be used for TMD growth. WO3 and
W(CO)e were often chosen due to their easy access, low sublimation temperature and
success for WSez'® and WS, monolayer growth. Typical experimental setting is
subliming the tungsten and chalcogen precursors at upstream, flow in with carrier gases

and react at the hot-zone, then deposited on substrates at downstream. On the other hand,
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WO3 could also be prepared by thermal evaporation prior to the tellurization process, and
the crystal structure could be controlled by the annealing temperature,** which gave us

more options of controlling the tungsten precursor.

Since the sublimation temperature of tellurium is around 450°C, the upstream section
of the hot-wall CVD furnace was used instead of pre-heated by a heat tape that was higher
than sulfur and selenium sublimation. The partial pressure of tellurium vapor was

calculated from the equation derived and tested by L. S. Brooks!!2:

—5960.2 + 14.5 .
logP = 7 +7.5999 + 0.0136 Equation 5.1

where P is the partial pressure of tellurium in Torr, and T is the designed temperature in K.
Hydrogen (H2) and argon (Ar) gas was used as carrier gas throughout the CVD growth

processes.
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Experiments design and CVD furnace setting for WTe2 synthesis by

tellurization processes. The reaction took place at the hot-zone (T2), which is at the

center of the furnace. Reaction temperature T2 at hot-zone, carrier gases Hz:Ar ratio

and growth time are the designed variables for WTez growth. WOs was chosen

tungsten precursor for this particular schematic plot due to it can be either sublimed

at upstream or pre-deposited on substrates for tellurization processes.
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5.2.1 Control Factors for Tellurization

Figure 5.2.1 has shown the experiment factors for tellurization processes.The control

variables for tellurization processes we would discuss includes:

A. Reaction temperature, pressure and growth time
B. Carrier gas and their ratio
C. W and Te atomic ratio

D. Powder tellurization vs. Thin film tellurization

will be discussed for its suitability of thin film WTe, growth.

A. Reaction temperature and growth time

Reaction temperature (T2 in Figure 5.2.1) and pressure and pressure is one the of most
control factor for CVD growth. Te sublimation temperature (T1 in Figure 5.2.1) was first
decided from 100°C above the melting point of tellurium (M.P.= 450°C) which is from
550°C to 950°C. Tellurium vapor pressure is 1.4 Torr to 15.28 Torr calculated from
Equation 5.1 for from 550°C to 950°C. The variation of tellurium sublimation temperature
was done by using different section in the same hot-wall tubular furnace. It was understood
that there was no reaction nor Te deposition at low sublimation temperature possibly due
to low vapor pressure. Thus the reaction temperature (T2) and Te sublimation temperature

(T1) were controlled at the same temperature (T1=T2) in the later experiments.

Reaction pressure means the overall designed pressure in the tubular furnace. We have
tested the growth pressure down to our lower limit 0.1Torr to near-atmosphere 650Torr,

and found 5-10 Torr gave better indication of tellurization with particulates deposition. For
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many reports for WS, and WSe, CVD growth, near atmosphere condition gave better
quality and large monolayer domains. From our observation, although larger overall
pressure in the reaction chamber could extend the time for tellurium gas (or H2Te) stayed
in the reaction zone; nonetheless, the carrier gas Ar and H> filled in the reaction chamber
also reduced the concentration of tellurium gases molecules, which reduced the chance for

for tellurization.

Growth time here means the time length the furnace stayed the reaction temperature.
In our experiments, growth time varies from 15min to 4 hours with different reaction
temperature excluding the ramping time. From the reports of MoTe, CVD growth’13 it
is believed that a high ramp rate is helpful for keeping the telluride thin film materials on
the substrate and prevent decomposition or phase transition in a heated environment.t?
Due to the low ramp rate at 9°C/min (for reaching temperature above 500°C) of the furnace
we used for tellurization, the overall growth time was affected by the low-period of
ramping time. Our growth time for tellurization processes was narrowed down to 15mins

for reaction temperature at 850°C.

B. Carrier gas and their ratio

Hydrogen gas (H2) and argon (Ar) were the carrier gases throughout WTe> CVD
processes and reports from MoTe; synthesis.”*!!3 H, is usually used for cleaning, baking
and carrying out the by-products from the CVD reaction. Although the mechanism of using
H2 in CVD-grown transitional metal tellurides (especially MoTey) are not yet be solved, it
was believed that hydrogen telluride (H2Te) formation may be beneficial for tellurization

processes. HoTe is an unstable gas formed from an endothermic reaction!*:
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Hz(g) + Te - H,Te(,); AH = +23.8kcal

It was known flowing hydrogen with heated Te element could yield HoTe with poor
quality.!®> However, the instability of H,Te could be useful for WTe, formation above the

H,Te formation temperature 200°C.

C. W and Te atomic ratio

In our experimental setting, tungsten and tellurium atomic ratio was controlled by the
molar ratio between the tungsten precursor and tellurium shots. For WO3 powder
tellurization the W:Te ratio is the WO3:Te molar ratio. For pre-deposited WO3 thin film
tellurization, due to the WOs deposited on the substrate may vary in each batch, these

tellurization runs were assumed to have excess Te.

D. Powder tellurization vs. Thin film tellurization

In our experiment, WO3 was chosen as the first precursor for WTe, CVD growth.
Though WO3 has been very successful for WS2/WSe, monolayers through powder
chalcogenization, our first trials indicated that this does not work for tellurization. Instead,
of using WO3 powder, the majority of our experiments change to WOs3 thin film
telluirzation. This technique was also used in MoQz thin film tellruization and successfully
carried out MoTez monolayer growth.” Tungsten thin films on Silicon substrates prepared

by sputtering were also prepared for thin film tellurization.
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5.3 Thin Film WOs Tellurization

The pre-deposited WO3 on various substrates (Sapphire and Silicon substrates) were
prepared by Kurt J. Lesker Lab-18 Evaporator with controlled thickness 10nm-50nm. The
as-deposited WOs thin films were determined amorphous. WO3 films can further annealed
at 600°C for 30secs by Allwin21 Rapid Thermal Annealing (RTA) to obtain meta-stable
hexagonal WO3 phase. 1116

The optimal tellurization processes has been narrowed down to 850°C, S5Torr for

15min with 10sccm of H, and 50sccm of Ar after initial trials.

(a) 10nm Unannealed WO,  10nm Annealed WO, 50nm Annealed WO,
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Figure 5.3.1. The (a) AFM images for 10nm amorphous and 10nm and 50nm annealed
WOQO3 after tellurization, The rods formed lateral aggregates in dendrite structure for
10nm amorphous sample, while only small rods spreading on annealed sample. 50nm

annealed WOs after tellurization seemed to form larger crystalline without dendrite
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structure. (b) SEM images shows the full picture of the dendrite structure formed on
10nm amorphous WOs after tellurization. (c) Raman spectra comparison between the
amorphous WO3 and annealed WOs thin film after tellurization showed they have

different crystalline aggregates after tellurization.

Figure 5.3.1. showed the comparison of the results annealed and unannealed
(amorphous) WOs thin films after tellurization. We have observed the large crystalline
aggregates were formed on 10nm amorphous WOs after tellurization process. The crystals
looked rectangular, rod-like crystalline aggregated laterally on the surface. The aggregates
are big enough for collecting Raman spectrum and the signature at 147, 167 and 285 cm™
was observed. For 10nm annealed WO3 samples, although there were rod-like crystals on
the surface, they were not big enough for Raman spot size. Thus, 50nm annealed WO3
samples were prepared and undergo a longer tellurization process that resulted in larger
grain size on the substrate. From the Raman spectra we were able to determine that the
amorphous WOz thin film was able to migrate on the surface and form crystal aggregates;
while the annealed WO3 underwent the deformation and recrystallization of WOs, resulted
in enhanced peaks at 142, 272 and 326 cm™™.

We have compared the Raman spectrum from amorphous WOj thin film tellurization
to bulk WTe, Raman and found no match. We have compared with the literature and found
the Raman spectrum of 10nm amorphous WOz after tellruization very close to WO2 (Figure
5.2.3) with a ~2cm™* shift. Although there was no the signature at lower wavenumber at
147 and 167cm™ on the literature, the peaks at 286, 342, 511cm™ did match the WO;

Raman spectra.  XPS was further used for verify the elemental composition of tellurized
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10nm amorphous WOz sample, and found no tellurium had deposited in any way (either
pure tellurium or its compound) on the substrate. The result suggested that thermal

reduction of WO3 was dominant reaction in the heated hydrogen environment: 1t/
H;
W03(S) - WOZ(s)

but no evidence of tellurization happened. The XRD results (Figure 5.3.3) also confirmed
that monoclinic WOz on the surface. The WO, micro-rods migrated laterally and form

snowflake-like aggregated structure on the substrates.
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Figure 5.3.2. The (a) Raman Spectrum for the tellurized 10nm amorphous WOs3 with
the comparable range with (c) WO2 Raman in the literature. The peaks at 286.2, 342.7,
511.8 and 599.8 cm™* for our WOz after tellurization were corresponding to the 288.7,
347.8, 516.9, and 603.2cm! for WOz nanocrystalline.''’ (b) XPS confirmed that there
was no Te exist on the surface in any way, which indicated that no tellurization but

thermal reduction happened for WOs thin film.
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Figure 5.3.3. The XRD patterns of 10nm WOs after tellurization and overlay with the

lattice planes of WOz crystal in the ICDD database.

Many trials including (1) changing carrier gas, (2) close boat, (3) static CVD system
with extended growth time, (4) WO tellurization have been done to test the ability of WO3
as precursor for WTez growth. Nonetheless, there is no indication of tellurization for these
trials. Thermal reduction of WOs is still the favorable reaction for WO2, and WO is
relatively stable up till 1530°C according to W-O binary phase diagram. There was no sign
of O-to-Te ion exchange reaction for WO2 even at the 1100°C limit of the furnace. Change

of tungsten source was the key to move forward for WTe, growth.

On the other hand, in order to be able to recognize possible Te deposition after
tellurization process, we have investigated the Raman signature for pure Te. Surprisingly
we found 5um of tellurium oxides (TeO2) on the surface of tellurium shots. In order to
prevent more oxygen involve with tellurization, we developed a process of etching by using
50vol% nitric acid (HNO3z) for 5mins and followed by 25vol% hydrochloride acid (HCI)

for 1min to remove the tellurium oxide layer on the Te shots for the further studies. This
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etching process needs to be done right before the tellurization because the oxidation of Te

would happen really fast after etching. Figure 5.3.4 show the oxidation of Te after etching.
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Figure 5.3.4. The Raman spectra of oxidation on Te surface after etching process.

Te oxidation happened right after wet etch process and form a layer of TeO:2 on the

surface. Raman signature indicates that the TeO2 layer was a-TeOx.

5.4 Vapor Phase Tellurization
Tungsten hexacarbonate (W(CO)s) was selected due to it is also a precursor in powder
form, and its low sublimation temperature (M.P.=120°C, B.P.=170°C). It also has been
reported used for TMD monolayer growth. Tellurization of W(CO)es was carried out by
W(CO)s powder evaporation at upstream of the furnace, and Te at the hot-zone, and

substrates at downstream (Figure 5.4.1).
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Figure 5.4.1. Schematic plot for W(CQO)s powder tellurization processes.

The control variables for vapor phase tellurization were similar to the WOs3 thin film
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tellurization. The difference is that the tungsten precursor was vaporized and react with

tellurium vapor at hot-zone. The test runs at 850°C for 30min growth showed there were
small crystal-like particulates on the surface. OM images in Figure 5.4.2 has showed the

particulates were spreading out all over the substrate, and FESEM images showed the

nucleation cites in the crystals. Raman spectra told us that the particulates are crystals with

strong vibration intensities. The peak position at 161.5 and 210.5 cm™ were not TeOx,

crystalline Te or WO> from Raman analysis. We were not able to tell specifically if this

was WTe; crystals due to lack of standard bulk WTe> sampels.
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Figure 5.4.2. (a) Raman; (b) OM; (c) FESEM; (d) AFM characterization for vapor
phase tellurization of W(CO)s. The particulates were crystalized on sapphire

substrates at 750°C with 30min tellurization time.

Further analysis was not done after the bulk WTe; crystals were synthesized. Figure
5.4.3 showed the comparison between the crystal grown by W(CO)s vapor pahse
tellurization stimulated by 488nm incident laser, and bulk WTe, characterized by 488nm
and 647nm incident laser. The early characterization was done at WiTEC Raman System
with 488nm incident laser and 600 grating. The first Raman spectrum was also obtained
by WIiTEC system with 488nm incident laser and same grating settings. From 5.4.3. we are
able to tell right now that the W(CO)e tellurization was successful. The small particulates

on the substrates are now proven to be small WTe> crystals.
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Figure 5.4.3. Raman Spectra comparing the Raman from small crystals in Figure
5.4.2 from W(CO)s tellurization, and two spectra from bulk WTe2 obtained by CVT.
There are two bulk WTe2 Raman spectra for the difference of incident laser would
reveal more vibration modes with a lower excitation energy. The unknown peaks at
161 and 211 cm* from W(CO)s tellurization are now identified as the combination of
B2 and A1 modes at 165cm, and B1 mode at near 212 cm for bulk-WTez. (Details

about vibration modes of bulk-WTez in Figure 3.3.1.)

Instead of using W(CO)es powder for tellurization, W(CO)s is also used as metal-
organic precursor in MOCVD processes. With the MOCVD setting, the usage, partial vapor
pressure, flow-in timing of W(CO)e precursor can be accurately controlled in during
synthesis. Figure 5.3.4. demonstrates the schematic plot for the HPCVD system for
W(CO)s vapor phase tellurization. Different entering time for W(CO)e were tested for the
purpose testing a tellurium-rich environment would be useful for WTe> formation or not.
But no deposition was observed on the substrates regarding to the variation of W(CO)s

entering time. Pure hydrogen carrier gas and hydrogen and nitrogen gas mixture were
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tested with excess tellurium on the suseptor. Results suggested that pure hydrogen
environment will carry out all the components that could be sublimed in the system
including Te gas and decomposed tungsten precursors fragments. Reaction carried out with
mixture of N2 and Hz was similar to W(CO)e tellurization with particulates on substrates.
However, the surface characterization was not completed due to size is too small for Raman
and XRD measurements. The introduction of diethyl-telluride precursor later provided a

more reactive factor for tellurium instead of tellurization with small amount of hydrogen

gas.
W(CO)6 Temp.
N, H H, N
o o . 10min
| 700°C
Te 500°C
uscepto Room Temp.|” W(CO); in
Time

Figure 5.4.4. MOCVD schematic plot, and the temperature profile for tellurization
with controlled W(CO)s. The carrier gas for W(CO)s is always Hz gas. The addition
of N2 gas was useful to carry out some crystal-like particulate deposited on the

substrate (not shown here).
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Chapter 6.

Conclusion and Future Work

In this thesis, we presented a combined experimental and theoretical study of tungsten
ditelluride (WTe).

WTe, was synthesized by two major techniques: chemical vapor transport (CVT) for
bulk WTe,, and chemical vapor deposition (CVD) for thin film WTez. Bulk WTe;
synthesized via CVT method crystallized at near-thermal equilibrium condition, and was
physically exfoliated for properties investigation. In Chapter 3, we confirmed that WTez is
a TMD crystalized in distorted 1T structure (Td) for it is thermodynamically favorable
relative to the 2H polymorph. In Section 3.1 and 3.2, we provided detailed verification
process using x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS) to
confirm the bulk crystal product. Raman signature of Td-WTe> was first obtained for future
references in Section 3.3, where our DFT calculation in Section 4.4 offered detailed
information about the vibration modes of WTe,, and proved that the out-of-plane
vibrational modes involve atomic motions at angles that are displaced from the c-axis
direction because the distorted octahedral bonding in Td-WTe,. AFM, SEM images in
Section 3.4 offer the morphology and single thickness of WTez which could be beneficial
for exfoliation processes.

Regarding to electrical properties of WTez, we have experimentally verified that Td-
WTe2 behaves as a metal, and has yet explained strong dependence of the resistivity on the

thickness of multilayer flakes in Section 3.5. Our theoretical calculation results in Section
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4.3 showed a 0.21eV indirect band overlap from the I' to X direction in the band structure
of Td-WTe, indicating that Td-WTe; is a semimetallic TMD material.

We have also evaluated the stability of thin flakes by XPS and Raman in Section 3.6,
and found that care must be taken to ensure that oxidation does not occur, as the surface of
Td-WTe: is sensitive to ambient air. The phase transition of Td and 2H phase WTe> was
discussed in Section 4.5 that it is physically impossible to induce transition from Td-WTe;
to 2H-WTe> with pressure.

We also explored synthesis routes for growing WTe; thin film materials by CVD. In
Section 5.2, we have proved that tellurization of tungsten oxide (WO3z) vapor would not
obtain any deposition at downstream. Tellurization of WOs3 thin films is possible, however,
the hydrogen reduction of WOz would be dominant reaction and form 2D WO.. By
changing the tungsten source to metal-organic precursor, W(CQO)s, we are able to
synthesize WTe; layers via vapor phase tellurization. Further investigation should be done
for exploring the possibility to stabilize thin layered WTez grown by this method.

Despite many exciting results found for WTe; in this research, many questions still
remain unanswered and require additional work to approach the ultimate goal of monolayer
WTe: for device application. In addition to the recent boom for studying the properties and
the application regarding to magnetoresistance and superconductivity of Td-WTep.%4118-122
Structural wisely, more efforts need to put on (1) phase transition pathways studies for
WTey, (2) lattice strain on WTe», (3) substrate effect for thin layered WTe> deposition, (4)
chalcogen ion doping, (5) tungsten co-chalcogen TMDs (WSexTe,x, etc) and (6)
Transitional metal tellurides (MoxW1.xTe», etc.) growth.

Lithiation which was used for exfoliation and to induce phase transition in the in many

other TMDs systems.'2*-127 This method can could potentially cause a change in electron



77

counts for the d-orbitals'?4-1% that leads to destabilization of the original crystal structure.
This was studies by multiple groups on MoS; materials for 2H to 1T structural change, and
could potentially induce phase transition of WTe, from Td to 1T structure. This can also
help open another application for WTe, materials on energy storage devices base on its

layered structure and conductivity as electrode materials.
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