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ABSTRACT

Two dimensional (2D) materials have attracted wide interest because of their
layered crystal structures and anisotropic properties which leads to potential new
diversity of function in nanoelectronics, photonics, sensing, energy storage, and
optoelectronics. Among them, the family of 2D layered chalcogenides (2DLCs) including
transition metal dichalcogenides (TMDs) (in the form of M X, where M=Mo, W, etc. and
X=S, Se, Te) and group I11A metal chalcogenides (MCs) (typically in the form of MX
and M2X3 where M=Ga, In and X=S, Se) have been a focus of increasing interest due to
their number of intriguing properties. Monolayer TMDs have exhibited unique optical
and electical properties such as indirect-to-direct band gap, spin valley polarization,
interlayer exciton coupling, single photon emission. On the other hand, monolayer and
few-layer MCs also demonstrate novel properties such as high carrier mobilities (~1000
cm?/Vs) for y-InSe and ultrasensitive photoresponse as well as in-plane or/and out-of-
plane ferroelectricity for a- and B-In2Ses. Therefore, the rapid development of device
technologies based on 2DLCs causes increasing demand for synthesis of high-quality
wafer-scale single crystal monolayer and few layer films.

Among techniques for thin film deposition, gas source chemical vapor deposition
(CVD) /metalorganic CVD (MOCVD) is emerging as a promising method for wafer-
scale growth of TMDs and related 2DLCs due to the ability to grow at high temperatures
(>700 °C), moderate reactor pressures (10-700 Torr) and high chalcogen/metal gas phase
ratios which are needed to achieve epitaxy and film stoichiometry. However, the effects

of precursor chemistry on film properties have not been examined and methods to



achieve uniform, fully coalesced epitaxial monolayer TMD films are required. In
addition, the growth of group 111 MCs by MOCVD is largely unexplored.

This dissertation focuses on a comprehensive study of gas source CVD/MOCVD
growth of WSe> and In,Ses which represent the TMDs and group 1A MCs, respectively.
In the MOCVD growth of WSe>, a defective graphene layer was found to form on the
sapphire substrate simultaneously at high growth temperature and high Se:W ratio when
using tungsten hexacarbonyl (W(CO)s) and dimethyl selenide ((CHz).Se, DMSe) as
precursors. The graphene layer alters the surface energy of the substrate reducing the
lateral growth and coalescence of WSe> domains. By switching to hydrogen selenide
(H2Se) instead of DMSe, the defective graphene layer was eliminated and a multi-step
diffusion-mediated process was developed for the epitaxial growth of coalesced
monolayer WSe; films on c-plane sapphire. The multi-step process consists of an initial
nucleation step which used a high W(CO)s flow rate along with H2Se at 800°C and 700
Torr to promote nucleation. The W(CO)s was then switched out of the reactor and the
sample was annealed in H2Se to promote surface diffusion of tungsten-containing species
to form oriented WSe: islands with uniform size and controlled density. The W(CO)es was
then switched back into the reactor at a lower flow rate to suppress further nucleation and
laterally grow the WSe: islands to form a fully coalesced monolayer film in less than one
hour. Reflection high energy electron diffraction (RHEED) and in-plane X-ray diffraction
(XRD) measurements further confirm that the coalesced WSe; monolayer film is
epitaxially oriented on sapphire as [1010] WSez | [1010] o-Al.O3. High resolution

annular dark field scanning transmission electron microscopy (ADF-STEM) and selected



area diffraction analysis of WSe, removed from the sapphire also indicate that the films
are predominately single crystal with inversion domain boundaries (IDBs) that result
from merging of 02and 60oriented domains. The process also provides fundamental
insights into the 2D growth mechanism. The evolution of domain size and cluster density
with annealing time follows a 2D ripening process, enabling an estimate of the tungsten-
species surface diffusivity of 1.2x10% cm?/s. The lateral growth rate of domains was
found to be relatively independent of substrate temperature over the range of 700-900 °C
suggesting a mass transport limited process, however, the domain shape (triangular
versus truncated triangular) varied with temperature over this same range due to local
variations in the Se:W adatom ratio. The results provide an important step toward atomic
level control of the epitaxial growth of WSe, monolayers in a scalable process that is
suitable for large area device fabrication.

To pursue the scalable growth of “single crystal” TMDs, a defect-controlled
approach for the nucleation and epitaxial growth of WSe, on hexagonal boron nitride
(hBN) was investigated. The WSe, domains exhibit a preferred orientation of over 95%
leading to a reduced density of IDBs upon coalescence. First-principles calculations and
experimental studies as a function of growth conditions and substrate pre-treatment
confirm that WSe> nucleation density and orientation are controlled by the hBN surface
defect density rather than thermodynamic factors. Detailed TEM analysis provides
support for the role of single-atom vacancies on the hBN surface which trap W atoms and
break surface symmetry leading to a reduced formation energy for one orientation of

WSe> domains. Through careful control of nucleation and extended lateral growth time,
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fully coalesced WSe> monolayer films on hBN were achieved. Low temperature
photoluminescence (PL) measurements and transport measurements of backgated field
effect transistor (FET) devices fabricated on WSez/hBN films show improved optical and
electrical properties compared to films grown on sapphire under similar conditions. These
results reveal an important nucleation mechanism for epitaxial growth of van der Waals
(vdW) heterostructures and demonstrate hBN as a superior substrate for single crystal
transition metal dichalcogenide (TMD) films.

The final chapter of the dissertation demonstrates the initial attempts at low-
temperature (T<450°C) MOCVD growth of WSe> for 2D materials and the properties of
field effect transistors (FETS) fabricated using these layers. However, the FET mobility
was found to be low (~0.01 cm?/Vs) due to the nanocrystalline nature of the film obtained
at low growth temperature. In comparison, the MOCVD growth of group 1A MCs, -
InoSez thin films shows the potentials as an alternative low temperature material for 2D
FETs. The growth of B-InzSez thin films on various substrates at 400 °C using
trimethylindium (TMIn) and H2Se in a H> carrier gas was investigated. The B-In.Sez films
were identified by Raman spectroscopy and their epitaxial relationship with both sapphire
and Si (111) substrates were confirmed by XRD technique. Top-gated thin film
transistors (TFTs) fabricated on B-In2Ses thin films exhibited higher mobility (~1 cm?/Vs)
and promising current on/off ratio. The results demonstrate the potential of group 1A
MCs for silicon BEOL-compatible process integration and extend the potential of 2D

materials into low-temperature electronic, optoelectronic, and ferroelectric applications.
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Chapter 1

Introduction

1.1 Why 2D Layered Chalcogenides?

Since the discovery of graphene, 2-dimensional layered chalcogenides (2DLCs)
including transition metal dichalcogenides (TMDs) and recent group IIIA-VA metal
chalcogenides (MCs) have been intensively studied due to their intriguing and novel
electronic, and optoelectronic properties such as direct-to-indirect bandgap transition,'
large exciton binding energies,>* interlayer exciton coupling,* ¢ spin-valley polarization,’
and single photon emission®’. This opens up the possibility of using monolayer and

multilayer 2DLCs for next generation electronics, photonics, optoelectronics,'®!!

12,13 4

valleytronics, and quantum communication.!

The lack of dangling bonds on the surface of 2DLCs make the monolayers stable
against the environment influence and preserve the properties of crystals. Furthermore, the
significant reduction in film thickness down to few-atom size leads to strong anisotropic
features and quantum confinement in the monolayers.!>!¢ This brings out new physical
properties such as large exciton binding energy, which is crucial to optoelectronic
applications including such as sensitive photodetectors and optical devices where narrow
spectrum is highly desired.!” In addition, the recent observation of single photon emitters
with narrow linewidth and long lifetime in TMDs such as WSe>'® and MoSe»!? enables

their further studies in quantum optics and potential applications in quantum

communication and nanosensors. Like other single photon emitters, the defects/impurities
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and the strain in the films are likely the cause of the single photon emission in TMDs.?’
Considering the large surface area and atomically thin structures, TMDs have the
advantage in defect and strain engineering, which offers a controllable way to intentionally
introduce single quantum emissions in TMDs.

Another unique aspect in monolayer 2DLCs is the lack of inversion symmetry in
monolayer structure. This leads to a spin—orbit driven splitting of the valence band where
charge carriers in TMDs exhibit a “valley” degree of freedom.?!>* The two valleys can be
optically or/and magnetically controlled using circularly polarized light due to valley Hall
effect and valley Zeeman effect.!”->* Together with a large spin-orbit interaction and strong
light-matter interactions, this opens up the new exploration of valley physics and

”).17 Moreover, the

possibilities for valley-based electronics (also called as “valleytronics
strong spin—orbit coupling from the transition metal elements gives rise to an effective
interaction between the valley pseudospin and the spin, making possible the interplay
between these two degrees of freedom, and allowing spin manipulations via the valley
phenomena.>>*

Benefitting from the van der Waals (vdW) bonding out of plane, heterostructures
of various 2DLCs are also possible, without conventional limitations such as lattice
mismatch and symmetric alignment. The vdW heterostructure includes the stackings of
multiple monolayers of 2DLCs as well as vertical stackings of monolayers at a twist angle,
where new physics such as interlayer exciton coupling*® and unconventional

superconductivity?”*® have been explored. Considering further possibility of tuning the

properties such as introducing strain and electrostatic gating, monolayer 2DLCs hold great
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potential both as a platform for fundamental physics and future nanoscale device

applications.

1.2 Synthesis Development of 2D Layered Chalcogenides

In the early stage of studies, most of monolayer and few-layer 2DLCs were
obtained from mechanical or chemical exfoliation from single crystal bulk crystals.
However, the limited efficiency as well as the lack of both scalability and thickness control
hamper the rapid development of device technologies based on 2DLCs and their
heterostructures, which presents increasing demand for synthesis of wafer-scale high
quality single crystal monolayer and few layer films. The discovery of powder vapor
transport (PVT) (also referred to as powder source chemical vapor deposition (CVD)) in
2DLCs offers the way to prepare large single crystal TMD domains due to the
straightforward equipment requirements and high chalcogen gas phase concentrations
resulting from evaporation, and therefore it has been widely used in more recent
research.””*! However, due to the limited controllability of source supply during the
process, PVT of 2DLCs often have difficulty in achieving uniform films across large
substrate areas as well as the growth of heterostructures.

Due to these limitations, additional efforts have focused on other methods such as
gas source CVD/metalorganic CVD (MOCVD) and molecular beam epitaxy (MBE), where
precursors are located outside the reaction chamber and their flow rates can be precisely
and independently controlled. Epitaxial 2DLC films have been grown on CaF,, GaAs,

epitaxial graphene and sapphire substrates by molecular beam epitaxy (MBE)3*° but
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domain sizes are typically smaller than films grown by PVT or CVD. As a result, recent
efforts have focused on the development of gas source CVD methods such as metalorganic
CVD (MOCVD) for 2DLCs which offers process flexibility and scalability.*%4

Initial studies before the discovery of graphene already demonstrated the CVD and
MOCVD growth of layered TMD films such as MoS; and WSe;, hundreds of nanometers
thick, using a variety of metal precursors (W(CO)es, M0o(CO)s, MoCls, WCls, etc.) and
chalcogen sources (Hz2S, HSC(CHa)s, diethyl selenide, etc.).*> Lubricant and catalytic
applications were mostly considered in these studies and precise control of film thickness
and film crystallinity was not the focus. After the concept of 2D materials, efforts have
focused on adapting these to prepare large area, coalesced polycrystalline TMD monolayer
and few-layer films on a variety of substrates,*%47~>0

The crystallinity is one major concern in 2DLCs and can significantly impact the
properties. To reduce the prevalence of random orientations and high-angle grain
boundaries, epitaxial growth of TMD and MC domains or films has been investigated on
various single crystal substrates such as epitaxial graphene, 4°1>3 hexagonal boron nitride
(hBN),>3 Au (111),*! GaSe,*® and c-plane sapphire.’’” However, even oriented domains
can be obtained by selecting the right substrates, inversion domain boundaries (IDBs) (also
referred to as mirror twin grain boundaries) were still observed in these films resulting from
a merging of a mixture of 0° and 180° oriented domains.****>%%° IDBs have been predicted
and experimentally demonstrated to exhibit metallic character and consequently can serve
as conducting channels within the monolayer that negatively impact both electrical and
optical properties.®*®* In addition, non-uniformities in the optical and transport properties

of these TMD films arise from steps and surface dangling bonds at the interface between
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the 2D film and 3D substrate.’®*55 All of these factors negatively impact the properties of
coalesced monolayer films and also promote undesirable multilayer growth. In this case,
additional effort has been focused on single preferred orientation of 2DLCs and recent first-
principles calculations proposed that the orientation selectivity can originate from defects
on the hBN surface that act as nucleation sites and break the nearly degenerate 0/180°

domain orientations.®¢

1.3 Dissertation Outline and Published Work

This dissertation focuses on a comprehensive study of gas source CVD/MOCVD
growth of 2DLCs. There are two main discussions: Chapter 3-5 includes the discussion
high-temperature growth of monolayer WSe, towards single crystal; Chapter 6 discusses
the growth of WSe; and epitaxial growth of B-In.Sez at low temperature. The outline of

each chapter and published work are listed as follow:

Chapter 2 presents detailed setup of the gas source chemical vapor deposition
system and discusses results from computational fluid dynamic modelling in terms of
system design. A brief introduction to film transfer and characterization techniques for

2D materials is also presented.
Published work from Chapter 2:

Briggs, N., Subramanian, S., Lin, Z., Li, X., Zhang, X., Zhang, K., Xiao, K.,
Geohegan, D.B., Wallace, R., Chen, L., Terrones, M., Ebrahimi, A., Das, S.,
Redwing, J.M., Hinkle, C., Momeni, K., van Duin, A., Crespi, V., Kar, S., Robinson,
J.A.“A Roadmap for Electronic Grade 2-Dimensional Materials" 2D Materials 2019
6 (2), 022001



Zhang, F., Erb, C., Runkle, L., Zhang, X., Alem, N., “Etchant-free transfer of 2D
nanostructures” Nanotechnology 2017, 29 (2), 025602

Chubarov, M., Choudhury, T.H., Zhang, X., Redwing, J.M. “In-plane x-ray
diffraction for characterization of monolayer and few-layer transition metal
dichalcogenide films” Nanotechnology 2018 29 (5), 055706

Chapter 3 discusses the unintentional carbon incorporation in 2D films when
using metalorganic chalcogen precursor. The chapter also presents the benefit of using
hydride chalcogen precursor in terms of removing carbon contamination and achieving

coalesced films.
Published work from Chapter 3:

Zhang, X., Balushi, Z.Y., Zhang, F., Choudhury, T.H., Eichfeld, S.M., Alem, N.,
Jackson, T. N., Robinson, J.A., Redwing, J.M. “Influence of Carbon in Metalorganic
Chemical Vapor Deposition of Few-Layer WSe, Thin Films” Journal of Electronic
Materials 2016 45 (12), 6273-6279

Chapter 4 demonstrates A multi-step diffusion-mediated process was developed
to control the nucleation density, size and lateral growth rate of WSe> domains on c-plane
sapphire for the epitaxial growth of large area monolayer films by gas source chemical
vapor deposition. This chapter also provides fundamental insights into the 2D growth
mechanism including an estimate of the tungsten-species surface diffusivity in a 2D
ripening process; a mass transport limited process over the range of 700-900 °C; and the
evolution of domain shape due to local variations in the Se:W adatom ratio. The results
provide an important step toward atomic level control of the epitaxial growth of WSe>

monolayers in a scalable process that is suitable for large area device fabrication.



Published work from Chapter 4:

Zhang, X., Choudhury, T.H., Chubarov, M., Xiang, Y., Jariwala, B., Zhang, F.,
Alem, N., Wang, G.C., Robinson, J.A., Redwing, J.M. “Diffusion-Controlled Epitaxy
of Large Area Coalesced WSe, Monolayers on Sapphire” Nano letters 2018 18 (2),
1049-1056

Lin, Y.C., Jariwala, B., Bersch, B.M. Xu, K., Nie, Y., Wang, B., Eichfeld, S.M.,
Zhang, X., Choudhury, T.H., Pan, Y., Addou, Rafik., Smyth, C.M., Li, J., Zhang, K.,
Haque, A., Folsch, S., Feenstra, R.M., Wallace, R.M., Cho, K., Fullerton-Shirey,
S.K., Redwing, J.M., Robinson, J.A. “Realizing Large-Scale, Electronic-Grade Two-
Dimensional Semiconductors” ACS Nano 2018 12 (2), 965-975

Chapter 5 demonstrates A defect-controlled approach for the nucleation and
epitaxial growth of WSe; on hBN. The WSe, domains exhibit a preferred orientation of
over 95% leading to a reduced density of inversion domain boundaries upon coalescence.
This chapter presents both first-principles calculations and experimental studies including
comprehensive transmission electron microscopy analysis that confirm WSe> nucleation
density and orientation are controlled by the hBN surface single-atom vacancies on the
hBN surface which trap W atoms and break surface symmetry leading to a reduced
formation energy for one orientation of WSe, domains. Both low temperature
photoluminescence (PL) measurements and transport measurements of backgated field
effect transistor (FET) devices fabricated on fully coalesced WSe> monolayer films on
hBN show improved optical and electrical properties. The whole chapter reveals an
important nucleation mechanism for epitaxial growth of van der Waals (vdW)
heterostructures and demonstrates hBN as a superior substrate for single crystal transition

metal dichalcogenide (TMD) films.



Published work from Chapter 5:

Zhang, X., Zhang, F., Wang, Y., Schulman, D.S., Zhang, T., Bansal, A., Alem, N.,
Das, S., Crespi, V.H., Terrones, M., Redwing, J.M. “Defect-Controlled Nucleation
and Orientation of WSe> on hBN — A Route to Single Crystal Epitaxial Monolayers”
ACS Nano 2019, 13 (3), pp 3341-3352.

Chapter 6 discusses the low temperature growth of transition metal
dichalcogenide WSe; and group III metal chalcogenide -In2Ses by metalorganic
chemical vapor deposition. The thin film transistors using the low-temperature WSe thin
films shows limited transport properties due to the nanocrystallinity of the film. In
comparison, the B-In2Ses films grown on both c-plane sapphire and Si (111) present good
crystallinity and epitaxial relation with substrates. The thin film transistors based on -
InoSez films demonstrates reasonable transport properties and potential applications in

optoelectronics and ferroelectronics.

Published work from Chapter 6:

Gong, Y., Zhang, X., Redwing, J.M., Jackson, T.N. “Thin Film Transistors Using
Wafer-Scale Low-Temperature MOCVD WSe>” Journal of Electronic Materials
2016, 45 (12), 6280-6284
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Chapter 2

CVD System Setup and Characterization Techniques

In this chapter, we introduce the detailed setup of the gas source chemical vapor
deposition system that are used for all the growth experiments in this dissertation. This
chapter also discusses some computational fluid dynamic modelling regarding the system
on the consideration of gas flow rate, reactor pressure, and substrate temperature. In the
end of this chapter, film transfer and characterization techniques that are mainly utilized in

this dissertation are also briefly introduced.

2.1 Introduction

Chemical vapor deposition (CVD) is the process of chemical reactions of gaseous
precursors including volatile compounds of solid and liquid materials, to deposit a
nonvolatile material on suitably selected substrate.! As mentioned in Chapter 1, although
powder vapor transport or powder source CVD system offers an easy and quick method
to access monolayer transition metal dichalcogenides (TMDs), this kind of setup typically
is lack of controllability on powder source precursors regarding flow rate, vapor pressure,
and uniform distribution across the substrate. Due to these disadvantages, it is hard to
systematically study the growth mechanism of 2D materials using PVT, plus, it is also
difficult to develop films with doping, alloy, or even heterostructure over large substrate
sizes since typical PVT systems are lack of ability to switch on/off the vaporization of

powders. In comparison, gas source CVD/MOCVD, where both the metal and chalcogen
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precursors are located outside of the deposition chamber, enables independent control of
precursor partial pressures and ratios for scalable growth of 2D TMDs, and most
importantly, studies fundamental insights into the 2D growth mechanism. In this
dissertation the growth of WSe, (Chapter 3-6) and B-In.Sez (Chapter 6) films was carried
out in a custom assembled gas source CVD/MOCVD system. This system is enclosed in
a cabinet including a gas panel for metering gas delivery, pressure system for pressure
measurement and control, a reactor (reaction chamber) for film growth, a vacuum pump,

and a scrubber.

2.2 System Configuration

2.2.1 Gas panel

The gas panel consists of pneumatic valves and mass flow controllers (MFCs) to
regulate and direct the flow of gases into the reactor. The flows of gaseous sources are
directly controlled by the MFCs and MFCs are calibrated to their main flowing gases. In
terms of liquid and solid precursors, there are also pressure controllers (PCs) to regulate
the pressure of them in the bubblers before flowing into the reactor. In addition to
precursors, both ultra-high purity (UHP) of N2 and H> are used in the experiment. UHP
N> is generally used as a purge gas and UHP H is used as the main carrier gas for both
carrying precursors from bubblers to reactor and manipulating the total flow rate of gases
in the reactor. The supply of hydrogen selenide (H.Se, 99.998% purity) is provided by

Mathson in a high-pressure gas cylinder and located on the exterior of the cabinet, while
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N2 and H2 come from each N2 and H; individual generator, respectively. In addition, Ha
goes through a gas purifier provided by SAES Pure Gas, Inc to further reduce the amount
of oxygen contamination into the reactor and increase gas purity up to 99.9999%. The gas
panel is equipped with solid precursor tungsten hexacarbonyl (W(CQ)s, 99.99% purity)
from Sigma-Aldrich stored in a 150mL stainless steel bubbler purchased from Strem
Chemical, Inc, and metalorganic solid precursor, trimethylindium with its bubbler
((CH3)sln or TMIn, 99.99% purity), from SAFC Inc. The gas panel is also equipped with
a liquid metalorganic precursor in its own bubbler, dimethylselenide ((CH3).Se or DMSe,
99.99% purity), purchased from NOVA-KEM. A schematic diagram of the gas panel
layout is shown in Figure 2-1 which includes the pneumatic valves, MFCs, pressure
controller and all the precursors and gaseous source. The gas panel is controlled using a
set of electronic equipment. The MFCs are controlled by MKS type 247 controllers and
readouts. The throttle valve is controlled with an MKS type 651 throttle valve controller
and readout. The pneumatic valves are driven by compressed air and actuated from a lab-
constructed switch panel. The gas lines were constructed of %4 diameter electropolished
stainless steel tubing. VCR (face-seal, metal gasket) fittings were used to connect the
valves, tubing, and MFCs together. A Pascal 2015 C2 two-stage rotary vane pump from
Pfeiffer Vacuum Inc which is specifically designed for toxic and corrosive gases is used.
Fomblin oil of grade 25/6 is used in the pump. An oil mist eliminator from Pfeiffer
Vacuum Inc is connected to the downstream of the pump to collect any oil mist that

occasionally pump out with the exhaust.
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2.2.2 Reactor design

The schematic plot in Figure 2-2a depicts the design of the CVD reactor. The
reactor is designed in a vertical direction with a cold-wall chamber made of quartz. The
quartz has a double-wall jacket used for water flow to cool the reactor wall. The chilling
water flows from the top side of the quartz jacket to the bottom side of the jacket which
guarantee enough and uniform cooling through the whole body. Inside the water jacket,
there is an additional quartz linear tube with a bit exceeded length of the quartz jacket to
prevent direct coating on the quartz jacket during the growth process. The quartz linear
tube is held with a QF-50 fitting which makes it easy for replacement and cleaning. The
reactor uses a single three turn copper induction coil as the inductively heating source for
the susceptor. The induction power supply is an Ameritherm Novastar 3 with a maximum
of 3 kW output. Note that the induction power supply requires chilling water supply for
the cooling of the power. The copper coil is designed with a hollow center where chilling
water also flows through to maintain the cool temperature of the coil itself. In the center
of the coil, a SiC coated graphite susceptor is placed on a quartz shaft, with one end
closed, and mounted in the reactor chamber. As the mere conductive material in the
center of the coil, Figure 2-2b shows only the susceptor is heated up by the coil during
the growth. The susceptor has a 1 cm > 1 cm cutout on the surface to hold the substrate.
The temperature of the susceptor is measured with a k-type thermocouple that is fed
through the quartz shaft and is in contact with the closed end of the shaft. The

temperature readout is a Eurotherm 2408 PID controller. The temperature of the



susceptor is adjusted by increasing the voltage and current in coil. The Novastar 3 is

capable of both manual control and PID control through an external PID controller.
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Figure 2-2. (a) Schematic plot of the cold-wall CVD reactor with inductive heater and

(b) photo of the reactor when susceptor heated to 900 °C.

2.2.3 Reactor pressure

The pressure in the system is monitored with two separate pressure gauges. A

baratron gauge of MKS model 246 is used as the main pressure gauge to measure the

pressure during gas flow and during depositions. The baratron gauge is connected to an

MKS type 651 pressure controller as indicated in Figure 3-4. The MKS 651 pressure

25
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controller is also attached to an MKS 253 throttle valve to control the system pressure.
The other pressure gauge is a pirani vacuum gauge of series 9100 from Kurt J. Lesker.
This vacuum gauge is used to measure the base pressure of the system during the
pumping and leak testing process. This is done periodically throughout the deposition
procedure to ensure vacuum integrity, minimize the chance of exposure to toxic gases
and to determine the effectiveness of oxygen removal during gas purging. This gauge is

attached to a stand-alone readout that is not attached to any other system equipment.

2.2.4 Vapor pressure and flow rate from a bubbler

One of the main advantages of gas source CVD/MOCVD system is that it can
precisely control the flow rate of precursors into the reactor. The flow rate of a gaseous
precursor can be precisely and directly controlled by an MFC. In contrast, the flow rate of
solid and liquid precursors are controlled by the carrier gas flow rate through the bubblers
where the precursors are stored, and both bubbler pressure and bubbler temperature can
also affect the final flow rate of the precursors so additional calculation is required and

discussed as follow.

The vapor pressures of precursors are calculated based on the literature and the set

temperature. The vapor pressure equation for W(CO)e is?®
logP = 12.094 — 4077/T
for DMSe is*

logP = 7.968 — 1665.9/T
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and for TMIn is®

logP = 10.98 — 3204/T
Where pressure P is in unit Torr and temperature T is in unit K.

Then, the flow rate of precursor out of the bubbler is calculated from a mass
balance considering the vapor pressure the precursor at the bubbler temperature and the

bubbler pressure controlled by the pressure controller based on Amagat’s law

Nsolid or liquid Vcarrier gas

Vs —
solid or liquid 1 — Notid or liquid

And Dalton’s law

_ Psotid or tiquia
Nsolid or liquid — p
bubbler

where v is the flow rate and n is the mole fraction.

2.3 Computational Modelling

Computational fluid dynamics simulations of the thermal-fluid environment of the
gas source CVD/MOCVD system used in this work were performed to understand how
the gas fluid dynamic is influenced by the inductively heated susceptor under different
growth conditions. The commercial software COMSOL Multiphysics 5.3 was used to
perform the computational simulations. The transport model is based on the solution of
the coupled partial differential equations for the conservation of momentum, energy, and

mass using the modules “Non-Isothermal Flow” built into the software. The inductive
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heating of the graphite susceptor utilizes the module “Magnetic Fields” in the software
that couples the transport model in terms of temperature based on the Ampere’s law. A
2D-axisymmetric model was used due to the axial symmetry of the reactor to reduce the

computational complexity of the simulations.

The transport model used “Non-Isothermal Flow” to couple both gas laminar flow
and heat transfer in fluids in the reactor tube. A compressible form of Naiver-Stokes and
continuity equations were applied to maintain mass and momentum conservation in the
simulations. In the “Magnetic Fields” module, a single coil with three turns was
considered with ~3 kW power input based on the experimental data. The boundary of the
electromagnetic heat source includes the entire system including the air between coil and
reactor while in fact only the graphite susceptor is heated up due to low conductivity of
other materials. Conduction, convection and radiation were considered in the heat
transfer model. The properties of the mixture gases were calculated using the ideal gas

law and relevant thermodynamic properties.

Due to the high volatilization of the chalcogen resulting in high desorption rate
during the growth, current CVD/MOCVD process for TMD monolayer films involve
high reactor pressure and low gas flow velocity to maintain a high partial pressure of
chalcogen species above substrates. However, these may also lead to several problems
that reduces the controllability of a CVD system. Figure 2-3b shows some circulate gas
streamline right above the substrate at high reactor pressure and low gas velocity (Figure
2-3c) due to the buoyancy effect in the vertical reactor chamber at high growth

temperature. This results in the backflow of the precursors and significant upstream
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deposition and depletion. In addition, the high reactor pressure reduces the mean free
path length and the low gas velocity increase the gas residue time, both of which are
likely to increase the possibility of gas phase pre-reaction of the precursors before they
reach the substrate. Although this might not affect the CVVD processes using precursors
such as Mo(CQO)s and W(CO)s as they will not lose all the CO ligands before reaching the
substrate surface or have strong gas phase reactions at low temperature, other precursors
such as TMIn and HxSe for In,Ses films can have significant gas phase pre-reaction due
to the Lewis acid and base properties of the two precursors (see Chapter 6). In contrast,
high gas flow rate and low reactor pressure can reduce the gas recirculation (Figure 2-3e)
by further increasing gas velocity (Figure 2-3f) and thus reduce the precursor pre-
reaction, however, this will also lead to change in temperature profile (Figure 2-3d and 2-

3g) and reduction in precursor partial pressure.
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Figure 2-3. (a) Schematic plot of the simplified CVD geometry and materials regarding

the susceptor, growth chamber, and surrounding RF heating coils. (b)—(d) simulations of

the cold-wall CVD reactor at 700 Torr and 500 sccm of Hz, where (b) and (c) show the

gas streamlines and velocity profile and (d) shows the temperature profile for the

susceptor and growth chamber. (e) — (g) Gas streamlines, gas velocity, and temperature

profile at 100 Torr and 2000 sccm of Ha.

2.4 Substrate Preparation

Most of substrates used in this dissertation work are c-plane double-side polished

sapphire. Thermal oxide silicon (100) and silicon (111) were also used in some of the

experiments. All substrates were diced into 1 cm >1cm square piece in an automatic

commercial dicing saw system ADT 7100. All substrates underwent a standard cleaning

procedure after dicing including: (1) Sonicating the substrates in Acetone for 10 min to
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dissolve most of contamination; (2) Sonicating the substrates in Isopropyl alcohol for 10
min to remove Acetone; (3) Rinsing the substrates with deionized water for 5 times to
remove Isopropyl alcohol; (4) Drying the substrates with high-pressure nitrogen gun; (5)
immersing the substrates into commercial Piranha solution (Nano-Strip, KMG Electronic
Chemicals) under 85-100 for 20 minutes to get rid of any stubborn residue; (6) rinsing the
substrates again with deionized water for 5 times to remove the Piranha solution; (7)

Drying the substrates with high-pressure nitrogen gun and placing them into containers.

To remove the native oxide layer on silicon (111) substrate, additional treatment
was applied after the standard cleaning procedure: (1) Immersing the substrates into 10%
diluted hydrogen fluoride solution for 10 minutes to remove all the native oxide; (2)
Rinsing the substrates again with deionized water for 5 times to remove the hydrogen
fluoride solution; (3) Drying the substrates with high-pressure nitrogen gun and placing
them into containers. Note that hydrogen fluoride solution is not compatible with glass
beakers so Teflon beakers were used in this process. The silicon (111) substrate surface
should be terminated with H and F and the substrate was rapidly placed into the growth

reactor in case of any further oxidation.

2.5 Etch-free Transfer of 2D TMD films

Current study and development of 2D materials including heterostructure, device
fabrication, and characterization require an easy and clean way to transfer the films onto
arbitrary substrates. The etch-free transfer method presented in this section (designed by

Fu Zhang, Penn State) introduce a simple and etchant free process to transfer wafer-scale
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monolayer films from sapphire to other substrates only involving PMMA and H>0.
Instead of deep etching of the sample in hot base solutions, such as HF and KOH,?8 the
PMMA-coated film can be directly delaminated and separated from sapphire substrate
by simply dipping the sample in water. The process also helps to keeps the film in its
pristine structure and free from degradation of the crystal due to ultrasonication® or

exposure to chemicals from pre-etching in NaOH or other strong solutions.*®

The transfer process is schematically illustrated in Figure 2-4 with five main
steps: (1) PMMA is first spin-coated on the substrate with the nanostructures and the
assembly is kept at room temperature overnight (Figure 2-4a and 2-4b); (2) Using blade,
small gaps are created along the edge contours of the sapphire substrate (Figure 2-4c); (3)
The assembly is immersed in hot water (~80 °C) for 5-10 minutes. Due to the
hydrophobic nature of the 2D materials (such as graphene!* and TMDs'?) and PMMA
compared with the hydrophilic character of the sapphire substrate,*>* the water can
easily penetrate to the interface from the created gap due to the capillary forces and
further lift off the PMMA/film from the sapphire substrate while in water (Figure 2-4d).
In this step, both the substrate feeding angle (~ 45 with respect to the water surface and
delamination rate (~ 1mm/s) need to be controlled to minimize the mechanical force and
damage and to maintain the integrity of the transferred film. Since no chemical etchants
are used in this process, sapphire substrate remains intact and can be reused for further
growth. (4) The detached PMMA/film assembly can further be picked up from water with
any other target substrate and placed on the hot plate (~70 °C) for 10 minutes to improve

the film/substrate attachment. (5) PMMA is removed with acetone and IPA/methanol to
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further eliminate any remaining organic residuals. This PMMA-assisted water transfer
method significantly reduces the possible damage and chemical attacks during the
transfer process. In addition, since no chemical etchants are involved in the process,
PMMA/nanostructure assembly can be directly picked up by any water-compatible

substrate. All the film transfers mentioned in this dissertation adopted this method.

a b

2D film/flakes

: . Spin coating
AN ) with PMMA

PMMA

Sapphire substrate

Scratch polymer
c edge

Figure 2-4. The schematic illustration of the etchant-free transfer method. (a) A 2D
material film is grown on sapphire; (b) PMMA is Spin-coated on the film; (c) the film is
scratched along the edge contours of the sapphire substrate using a blade; (d) The whole
assembly is immersed into hot water (~80 °C) by a feeding angle ~ 45° for 5 to 10
minutes before the hydrophobic PMMA/2D film is delaminated from the sapphire

substrate and floats on the water surface.
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2.6 Characterization Techniques of 2D TMD films

2.6.1 Atomic force microscopy

Atomic Force Microscopy (AFM) is known as one of the techniques to capture
topographic morphology of sample surfaces. Nowadays, the latest AFM can achieve
atomic resolution in the z-direction while maintain swift scanning rate in the xy-plane.
This provides the opportunity to identify the variation of monoatomic step height on the
sample surface over a micron-level area, which matches perfectly with the requirement of
characterizing the morphology of 2D materials with only a few-atom thickness in z-
direction. In addition, AFM also allows atomic resolution in xy-plane which offers
additional ways to identify surface defects and moiré&pattern between monolayer
materials and substrates. In addition to traditional contact (Figure 2-5a) and tapping
modes (Figure 2-5b), novel modes such as PeakForce Tapping mode in Figure 2-5¢
(which is used in this dissertation work) have been developed to stably control ultralow
imaging force to preserve both the AFM tip and fragile samples.'® This allows AFM
acquiring information of surface for modulus, adhesion, deformation, conductivity,
surface potential, and so on in addition to the topography and local force knowledge from
conventional modes. Therefore, modern AFM can also allow studies for mechanical,
electrical, and piezoelectrical properties. While AFM tip does get in contact with sample
surface during the scan (in PeakForce Tapping mode), the weak force between tip and
surface (typical around piconewton to nanonewton) can limit the damage on sample to
minimal. On the other hand, AFM can work under variant unaggressive environments

including liquid, varied temperature, glove box, and vacuum, which enable
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multidisciplinary research on 2D materials such as studying black phosphorus in the inert
gas glove box where oxidation can be significant reduced. Therefore, AFM stands out as

one of the most common characterization techniques for 2D materials.

a

FSP I

b Agporfsp

C
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E
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Figure 2-5. Schematic representation of basic AFM modes: (a) Contact mode with tip-
sample force as a feedback setpoint (Fsp); (b) Tapping or AC mode where the setpoint is
oscillation amplitude (Asp) or frequency (fsp); (c) PeakForce Tapping mode where the
tip is modulated at an off-resonance frequency and the feedback setpoint is the maximum

force, or peak force, of each tapping cycle.®
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2.6.2 Raman and photoluminescence spectroscopy

Raman spectroscopy provides a quick and nondestructive method for
characterizing the 2D materials.'®® Typical measurements can be made at varied
temperature from 4K to elevated temperature and pressure from vacuum to high pressure
without complicated sample preparation processes. Raman scattering involves the
inelastic scattering of the incident light in a material, where the energy of the scattered
light either decreases by exciting an elementary excitation of a phonon or increases by
absorbing a phonon. Raman spectra give the intensity of the scattered light as a function
of the energy shift from the incident light which is called as Raman shift. Since the
discovery of graphene and development of other atomic layer materials including TMDs,
Raman spectroscopy has rapidly become a standard characterization technique for the
characterization of low dimensional materials due to several advantages. The strong
interaction between incident photon and phonon from the layer gives clear characteristic
phonon frequency peaks in Raman spectra even down to monolayer level. The sensitive
photon-phonon interaction can not only distinguish the materials but also obtain
additional information including strain, doping level, alloy component, etc. In addition,
by focusing the laser light in a confocal optical microscope, we can measure a high
spatially resolved Raman signal within a few hundred nanometers. Therefore, Raman
maps can also be achieved by scanning the focused laser light across the sample surface,
in which information regarding the distribution of strain, defects, doping, and so on can

be told over a relatively large area.
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Photoluminescence (PL) spectroscopy describes the radiative emission of
materials after excitation of photons. Similar to Raman spectroscopy, it is also a
nondestructive characterization technique and in many cases it can be done in the same
instrumental system of Raman spectroscopy (as long as the laser and spectrometer
provides the suitable energy range). Unlike the Raman spectroscopy which measure the
inelastic Raman shift from incident light, PL response comes from the direction emission
from conduction band to valence band of material and is intrinsic to material itself and
therefore has no correlation with incident laser light. PL also becomes a standard and
significant technique for 2D materials, especially TMDs, due to their unique PL emission
and potential optical and optoelectronic applications. Typical monolayer TMDs have
direct band gap and thus have strong PL emission.**?° While in additional to this.
Monolayer TMDs often show strong exciton binding energy because of the strong
Coulomb interaction between the electrons and holes due to the quantum confinement
effect, %! which makes the PL emission peak away from the direct bandgap energy
(typically a few hundred meV). Moreoever, there are other quasiparticles in the
monolayer TMDs such as trion that raise a lot of interest. A trion can be formed by
exciton-electron pair under high carrier density, however, they are unstable and rarely
observed in conventional semiconductors.?22% In comparison, trions are reported stable in
monolayer TMDs, 2?5 and can be controlled by optical, electronic??” or chemical?®
methods. In this way, the emission of trions can be modified intentionally in monolayer

TMDs for potential tunable photonic devices.
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2.6.3 In-plane X-ray diffraction

For the determination of the epitaxial relation in classical thin films, the technique
of choice is X-ray diffraction (XRD) pole figure measurements. This technique is also
nondestructive and usually does not require sample preparation and is fast. In this
technique, an {hkl} plane family with h and/or k and | not equal to zero is probed for both
film and substrate to determine crystallographic orientation. However, 2D monolayers
and few-layer films that is often assumed to be impossible for conventional XRD due to
the lack of periodicity in the third dimension. While there is no crystal periodicity out-of-
plane, the in-plane component is present and has been probed by implementing XRD 6-
260 and ¢ measurements in the in-plane geometry, to observe the presence of the
reciprocal space points and their distribution, respectively. Thus, for the transition metal
dichalcogenides where both constituents have high electron density, lab scale X-ray
diffraction performed with the X-ray incidence plane nearly coinciding with the sample
surface plane (an offset angle that is higher than the X-ray total external reflection angle)
should be able to determine the in-plane epitaxial relation between the film and the
substrate. “Nearly” in this case is determined by the X-ray total external reflection angle
which is materials dependent and usually below 1 °from the surface to the beam. This
technique is so-called in-plane XRD since it can determine the in-plane epitaxial relation
between films and substrates. It can also tell presence of different crystal phases as well

as alloy formation and its composition similar to conventional XRD.

Figure 2-6 shows illustrations of the Bragg-Brentano measurement geometry

(Figure 2-6a) where the X-ray scattering vector Q (Q= ki-ko) is normal to the sample
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surface (parallel to surface normal n) and in-plane measurement geometry illustrations
from two sides (Figure 2-6b and 2-6¢).2° In this illustration, ko and ka1 are the incident and
diffracted beams, respectively. Angle o is an angle between incident beam ko and a
vector that defines the intersection line between the sample surface and the X-ray
incidence planes. In Bragg-Brentano geometry, this angle is well defined while in in-
plane diffraction this angle coincides with the angle ¢ that defines the rotation of the
sample around its surface normal n. Angle y is defined as an angle between the surface
normal n and the X-ray incidence plane. 26 angle is an angle between incident ko and

diffracted ki1 beams.

Figure 2-6. (a) Bragg-Brentano measurement geometry. (b) and (c) In-plane

measurement geometry from two perspectives.(Mikhail Chubarov, Penn State)?°

2.6.4 Transmission electron microscopy

Characterization of atomic and chemical structure of materials is the key to
understand the physic and chemistry properties at nanoscale and to further tune the
properties.®® The nature of the atomic bonding structure gives direct information

regarding both electronic and mechanical properties. The nanoscale structure change
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(such as defects, substitutional doping, grain boundary) in 2D materials can be even more
crucial considering they have limited expansion in z-direction. In order to achieve high
spatial resolution studies, aberration-corrected high-resolution transmission electron
microscopy (AC-HRTEM) and scanning transmission electron microscopy (S/TEM) are
commonly used for 2D materials. The atomically thin and transferrable properties of 2D
materials advance the imaging the materials under TEM as film/flake can be suspended
on the TEM grid easily. In addition, large area imaging and diffraction can be performed
to gain information regarding the crystallinity of the films and moiré&pattern of stacking
and twisted stacking 2D materials can also be identified and studied under TEM, which

has been recently reported to probe new physic properties.3:32

Additionally, several advances have been critical in the field of electron
microscopy which have allowed for atomic resolution imaging of 2D materials. Hardware
aberration corrector electron optics dramatically minimizes the effect of intrinsic
spherical aberrations of electron lenses and chromatic aberration correctors or
monochromators can reduce the energy spread of the electron beam illumination for sub-
&ngstrom imaging.3* The other important perspective is the low accelerating voltages
(~60-80 kV) has been developed for imaging of 2D materials. The dramatically reduces
the possible damage to the sample as well as the increasing electron scattering cross-

section at low voltage, which produces more contract for a given illumination dose.>
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Chapter 3

Influence of Carbon and Precursor Consideration in the Growth of
WSe;

This chapter discusses initial development of a metalorganic chemical vapor
deposition (MOCVD) of monolayer or few-layer WSe> thin films and the influence of
unintentional carbon incorporation when using metalorganic chalcogen precursor. The
results demonstrate the presence of a defective graphene layer that forms simultaneously
during MOCVD growth of WSe> on sapphire at high growth temperature and high Se:W
ratio when using dimethyl selenide as chalcogen precursors. The formation of the
defective graphene layer on sapphire competes with the nucleation and lateral growth of
WSe; ultimately suppressing lateral growth and increasing the vertical growth rate of the
domains. The alternative use of hydride chalcogen precursor such as hydrogen selenide
eliminates the main carbon source during the growth process and thus prevents the
formation of defective graphene layer enables coalesced monolayer and few-layer WSe;

films.

3.1 Introduction

Unintentional carbon incorporation has been a persistent problem in metalorganic
chemical vapor deposition (MOCVD) processes due to the use of precursor molecules
with organic ligands. In the conventional MOCVD growth of 111-V compound
semiconductor thin films, carbon concentrations are typically lower than 10%° cm3.!

However, even low levels of carbon can impact device performance and therefore carbon
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as both an unintentional impurity and intentional dopant in MOCVD has been thoroughly
investigated over the years. Compared to conventional MOCVD-grown semiconductor
layers which may be hundreds of nanometers or more in thickness, two-dimensional (2D)
transition metal dichalcogenide (TMD) monolayers are atomically thin with highly
reactive edge surfaces and are bound to the substrate by van der Waals forces. Therefore,
the presence of even small amounts of carbon in TMD growth may impact the nucleation
and lateral growth of TMD layers and the resulting structural, optical and electrical

properties of the films.

In the case of WSe;, previous studies have demonstrated that MOCVD growth
conditions, particularly substrate temperature and selenium-to-tungsten (Se:W) ratio, play
a significant role in the nucleation and lateral growth of the films.2 The high melting
temperature/low vapor pressure of transition metals such as W in this case results in
reduced surface adatom mobility which necessitates the use of high substrate
temperatures (>600 °C) to enhance surface diffusion and achieve large domain sizes. On
the other hand, the low melting temperature/high vapor pressure of Se and other
chalcogens reduces the sticking coefficient of Se on the growth surface which makes it
necessary to use very high Se:W ratios in order to achieve large and stoichiometric
domains.? While high Se:W can be obtained using metalorganic precursors through
manipulating the bubbler temperatures for intentional vapor pressure and controlling the
carrier gas through the bubblers, the extreme high flow rate of metalorganic precursor
and high growth temperature raises the concern of carbon contamination. Although the

presence of residual carbon was noted in TMD monolayer and few-layer thin films grown
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using MOCVD precursors,?? the reason for the formation of the carbon in the films has

not been understood and the influence of the carbon has not been investigated in detail.

In this chapter, we examined the growth of WSe; thin films on (0001) sapphire
(a-Al20O3) substrates by MOCVD in a vertical cold-wall reactor chamber using tungsten
hexacarbonyl (W(CO)s), dimethyl selenide (DMSe) and hydrogen selenide (H2Se) as
precursors. The results reveal the formation of a defective graphene layer on the sapphire
substrate at high substrate temperature (~800 °C) and Se/W ratios over 3200 when DMSe
is used as the Se precursor which competes with the nucleation and growth of WSe> on
the sapphire surface and impacts the lateral growth as well as the epitaxy of the triangular
WSe, islands. In comparison, carbon contamination does not occur when H,Se is used in
place of DMSe indicating that the methyl radicals from DMSe are the primary source of
carbon. Without the competition from carbon contamination, a high nucleation rate and a
coalesced WSe; film can be achieved when selecting H2Se as chalcogen precursor. These
results identify the influence of carbon in the MOCVD growth of 2D TMD films and
suggest a carbon-free hydride chalcogen as a better choice in precursor selection, which

establish the foundation of further study in Chapter 4 and 5.

3.2 Experimental Details

3.2.1 MOCVD growth conditions

Tungsten diselenide films were synthesized using W(CO)s (Sigma-Aldrich,

99.99% purity), DMSe (NOVA-KEM, 99.99% purity) and H>Se (Matheson, 99.998%
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purity) in the cold-wall vertical quartz tube reactor with an inductively heated SiC-coated
graphite susceptor. Ultra high purity hydrogen was used as the carrier gas through the
bubblers and reactor to maintain a total flow rate at 450 sccm. The W(CQO)e powder was
contained inside a stainless steel bubbler which was held at 30 °C and 730 Torr.
Hydrogen carrier gas was passed through the bubbler at a flow rate of 15 sccm which
resulted in a W(CO)s flow rate of 910 sccm out of the bubbler. DMSe liquid was also
contained inside a stainless steel bubbler which was held at room temperature and 760
Torr. Hydrogen carrier gas was passed through the bubbler at a flow rate in the range of
2.5-25 sccm which resulted in a DMSe flow rate of 0.75-7.5 sccm out of the bubbler.
Growth was carried out at a total reactor pressure of 700 Torr, a growth time of 30 min
and a substrate temperature of 800 °C for all experiments. As-received c-plane (0001)

double-side polished sapphire were used as substrates.

3.2.2 Post-growth characterization setup

To analyze the composition of the atomically thin films, surface elemental
compositions of different regions on the sample were analyzed by high resolution Auger
electron spectroscopy (AES) in a PHI 720 Scanning Auger Nanoprobe using 10keV
electron beam energy. Raman spectroscopy was carried out in a HORIBA LabRAM HR
Evolution high spectral resolution analytical Raman microscope with a laser wavelength
of 532 nm. To measure the film thickness and domain heights, a step edge was formed on
the as-grown WSe: film via using a plastic tweezer to scratch the sample surface and the

step height was profiled using a Digital Instruments Multimode Atomic Force
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Microscope (AFM). Compared the AFM, larger range of surface morphology of the
samples were shown in field emission scanning electron microscopy (FESEM) images
obtained in a Zeiss Merlin instrument. Transmission electron microscopy (TEM) was
used to examine the cross-sectional morphology and obtain structural information on the
WSe> samples. Cross-sectional TEM samples were fabricated by the focused ion beam
(FIB) method on a HELI1OS Nanolab 660. A thin layer of gold was sputtered on top of
the substrate to enhance the conductivity and a layer of platinum was deposited to protect
and mark the cut region. A FEI Tecnai G2 TEM operating at 80 kV was used to study the

atomic structure of the WSe samples produced in this study.

3.3 Chalcogen Precursor: DMSe

3.3.1 Effect of Se:W ratio and high DMSe flow rate

The effect of Se:W ratio on the nucleation and lateral growth of WSe, on sapphire
was initially investigated by maintaining a constant W(CO)e partial pressure of 1.4x1073
Torr in the reactor chamber and varying the flow rate of DMSe to change the Se:W ratio
from approximately 800 to 8000. The WSe, domain size increased and the nucleation
density decreased as the Se:W ratio was increased from 800 to 4800 as shown in Figure
3-1. This follows the expectation as the increased Se:W ratio results in the surface species
moving towards to stoichiometric ratio due to the large vapor pressure difference between
Se and W. Therefore the growth rate of domains increases and the nucleation density

decreases in compensation for surface species participating into the growth of existing
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domains. In addition, AFM results in Figure 3-2 shows the domain thickness increases
with increasing Se:W ratio. This indicates the surface energy changed on the substrates
since the WSe, domains prefer to wet the whole sapphire surface at low Se:W ratio while

they prefer to stay on top of themselves at high Se:W ratio.

Figure 3-1. FESEM images of WSe> domains grown on sapphire substrate using DMSe
and W(CO)s as precursors with Se:W ratios of (a) 800, (b) 1600, (c) 3200, (d) 4800.
The (e) average domain size, (f) surface coverage and (g) domain thickness of the as-

grown WSe; at Se:W ratios from 800 to 8000.
(a) s

Figure 3-2. AFM images of WSe, domains grown on sapphire substrate using DMSe

and W(CO)s as precursors with Se:W ratios of (a) 800, (b) 1600, (c) 3200, (d) 4800.

Further increases in the Se:W ratio up to 8000 did not result in a significant increase in
the domain size or a reduction in both nucleation density and surface coverage as shown
in Figure 3-3a and 3-3b. Interestingly, while the surface coverage of WSe, domains was
reduced at high Se:W ratios above 3200, the height of the domains increased significantly

from < 10 nm at Se:W=3200 to 20-30 nm for Se:W ratios ranging from 4800 to 8000
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(Figure 3-3c). In addition, as the Se:W ratio was increased above 3200, the edges of the
triangular domains become jagged and pits appear in the islands and near the domain
edges (Figure 3-1d). Prior studies have reported changes in the shape and edge structure
of TMD domains as a function of the chalcogen-to-metal ratio* and growth rate® and in

the presence of impurities and oxidation® and intentional dopants’.
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of the as-grown WSe; at Se:W ratios from 800 to 8000.
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3.3.2 Discovery of defective graphene layer

The change in the lateral versus vertical growth rate at high Se:W ratios as well as
the deformed edge shape in the previous section suggests changes in surface energy
which make it more energetically favorable for the WSe: to grow vertically on existing
domains instead of laterally on the substrate surface. When examining the scratched
sample surface that was used to obtain a step height for domain thickness measurements
by FESEM (Figure 3-4a), a region of darker contrast (region 3) was observed between
the WSe> triangle domains (region 2) and the sapphire surface (region 1) at the scratched
boundary, which suggested the presence of a thin layer of different conductivity on the
surface. This layer was determined to be ~1.5 nm thick from AFM measurements in the
scanned region (Figure 3-4b). The combining FESEM and AFM results confirm an
additional coalesced layer formed between WSe, domains and sapphire substrate surface
during the growth. In order to identify the composition of this layer, AES was used to
analyze the elemental composition of the three regions with different FESEM contrasts,
and the results are shown in Figure 3-4c (done by Zakaria Al Balushi, Penn State). Note
that AES is merely sensitive to compositional surface element and thus should not be
affected by the impurity in the deep of sapphire substrates. Only Al and O were detected
on the sapphire surface region (region 1). As expected, W and Se elements were detected
in the triangular domain regions (region 2) consistent with the formation of WSe> along
with a small carbon signal. In the region between the WSe> domains (region 3), however,
a strong carbon signal was observed but no W or Se signals indicating that the thin layer

on the sapphire surface contains mostly carbon.
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Figure 3-4. (a) FESEM image of the WSe> sample grown at 800 °C with Se:W=3200

showing three regions: 1) sapphire surface; 2) WSe; triangular domains; 3) region of
darker contrast between WSe; islands. (b) AFM image revealing a continuous layer
~1.5 nm thick and WSe; triangular domains ~6-9 nm thick on the sapphire surface. (c)
AES spectra indicating the presence of Al and O in region 1, W, Se and C in region 2,

and Al, O, and C in region 3.

Now that the additional layer was identified as carbon layer, cross-sectional TEM
was applied to acquire further structural information of this carbon layer (done by Fu

Zhang, Penn State). A cross-sectional TEM image of the sample grown using DMSe at
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800 °C and Se:W=3200, shown in Figure 3-5, obtained in an area similar to that of region
2 above, revealed a carbon layer beneath the WSe, domains. The thickness of this carbon
layer is ~2 nm, which is consistent with the AFM thickness measurement in Figure 3-4b.
Additional cross-sectional TEM images obtained from different regions across the sample
in Figure 3-6 show that the thickness of the carbon layer varies from ~1.2 to ~5.5 nm.
The WSe: layer is ~6 nm thick and shows a layered structure with spacing between layers
of ~0.67 nm which is consistent with WSe,. Some regions of the carbon layer exhibit a

layered structure indicating the formation of graphene.

carbon layer

oL AL O, substrate

Figure 3-5. Cross-sectional TEM image of WSe> sample grown using DMSe at 800
°C and Se:W=3200 revealing a carbon layer beneath the WSe>. Some regions of the

carbon layer exhibit a layered structure typical of defective graphene.
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Figure 3-6. Cross-sectional TEM images of different regions on the WSe, sample
grown using DMSe at 800 °C and Se:W=3200 showing different carbon layer

thickness (a) ~1.2nm; (b) ~2.7nm; (c) ~5.5nm.

3.3.3 Origin of defective graphene layer

The carbon layer present in the WSe, sample shown in Figures 2 and 3 likely
results from the high concentration of carbon-containing ligands present in the MOCVD
growth environment. Prior studies have demonstrated that methane (CHa) can be used as
a precursor to deposit graphene on sapphire at temperatures as low as 950°C.%° Graphene
produced by this process is typically defective as demonstrated by the presence of a
strong D peak at ~1350 cm™ in the Raman spectra.®1% The methyl radicals produced by
the decomposition of the DMSe precursor are likely responsible for the formation of the
carbon layer on sapphire in the WSe, MOCVD process. Methyl radicals (CHz*) are more
chemically reactive than CHa, consequently, this could lead to defective graphene
formation at the lower temperatures (800°C) used in this study. Furthermore, the high
Se:W ratios utilized in the growth result in an inlet C:W ratio which is two times higher

than the Se:W ratio creating a carbon-rich growth environment. To investigate this
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further, a growth run was carried out at 800°C under identical conditions to that used for
WSe> growth but with only DMSe and H: flowing through the reactor. A high density of
nanoscale nuclei were observed on the sapphire substrate through FESEM as shown in

Figure 3-7a. The Raman spectrum of this sample in Figure 3-7b revealed the presence of
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Figure 3-7. Sapphire surface after flowing only DMSe and H; at 800 °C under
identical condition for WSe> growth: (a) FESEM image showing the presence of
defective graphene domains; (b) Raman spectrum of sapphire surface showing G and

2D peaks associated with graphene and the family of D peaks indicating defects in the

graphene.
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peaks associated with defective graphene. The presence of carbon G peak at ~1580 cm™
and 2D peak at ~2680 cm™* indicates a graphene-like structure!®? while the high
intensity of the carbon D peaks indicates that the graphene is highly defective.'%! The
size of the defective graphene domains is small, less than 50 nm, possibly due to the low
carbon adatom surface diffusion lengths and growth rate at 800°C and the relatively short
30-min growth time. In contrast, the carbon layer in between the WSe; domains is
continuous with a thickness of 1.5 nm suggesting that the deposition rate of carbon is
higher in the presence of W(CO)s. One interpretation is that the tungsten adatoms on the
surface act as a catalyst to adsorb carbon and promote graphene formation as previously

reported.*®

3.4 Chalcogen Precursor: H2Se

3.4.1 Elimination of carbon

Hydride precursors are typically utilized in 111-VV MOCVD to reduce carbon
incorporation due to their lack of carbon-containing ligands and the atomic hydrogen
produced from hydride decomposition which reacts with methyl groups on the surface to
form methane that can readily desorb from substrate surface.}** To investigate the effect
of the chalcogen precursor chemistry, WSe> films were grown on sapphire using W(CO)e
and H>Se or DMSe using the same Se:W ratio of 3200 and substrate temperature of

800°C. Compared to the growth with DMSe (Figure 3-8a), the Raman spectrum of the
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sample grown with H»Se (Figure 3-8b) shows negligible carbon D and G peaks, which

indicates a significant reduction of carbon deposition on the sample.
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Figure 3-8. Raman spectra of WSe> grown using (a) DMSe and (b) H>Se at 800 °C
and Se:W ratio of 3200. The insets are zoom-in regions showing the carbon D and G
peaks in WSe, grown with DMSe but no carbon characteristic peaks in WSe, grown

with H»Se.

3.4.2 Fully coalesced WSe: film

The AFM results also show significantly different nucleation density and lateral
growth of WSe, with HzSe versus DMSe. Unlike WSe, growth with DMSe in Figure 3-
9a where the surface coverage is reduced and the WSe, tends to grow vertically on top of
existing WSe islands instead of nucleating on the carbon-covered sapphire surface
resulting in multi-layer domains ~10 nm in height, the density of WSe, domains is
significantly increased with HoSe resulting in a fully coalesced film, approximately 3 nm

in thickness (Figure 3-9b).
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Figure 3-9. AFM images of WSe, grown using (a) DMSe and (b) H2Se at 800 °C and

Se:W ratio of 3200.

The defective graphene layer can also be viewed as a competitor to WSe> on the
substrate surface and thus limits the nucleation as well as the lateral growth of WSe». As
shown Figure 3-1c and 3-1d, the WSe nucleation density decreases but the domain size
does not increase as the Se:W ratio is further increased from 3200 to 4800 and beyond.
Increasing the Se:W results in a higher concentration of methyl radicals in the gas phase,
therefore, more carbon atoms adsorb on the sapphire surface and occupy sites that would
otherwise be available for nucleation and lateral growth of WSe». As a result, the W and
Se atoms prefer to nucleate and grow on existing WSe> domains due possibly to site
competition of W, Se and C on the defective graphene surface and/or the reduced surface
energy of the defective graphene compared to WSe». In either case, the presence of
defective graphene on the sapphire surface increases the vertical-to-lateral growth of the
WSe> domains. In addition, the WSe, domains start losing their epitaxy at high Se:W
ratio. It can be interpreted that the defective graphene layer cannot guide the WSe>

domains on top due to its own random orientation, or/and the competition between WSe;
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and C limits the rotation of initial WSe, nucleation thus resulting in distorted orientation.
In comparison, the results obtained for WSe; films grown with H2Se which contain
negligible amounts of carbon support this interpretation. Figure 3-10 shows the TEM
image of the WSe> film grown with H.Se (done by Fu Zhang, Penn State). The absence
of competing carbon adsorption, diffusion and graphene growth on the sapphire surface
results in a higher nucleation density of WSe, and nearly complete coalescence of the
films. The inset selected area electron diffraction (SAED) pattern shows a clearly

discernible hexagonal symmetry of the WSe; film and two main orientations with 30°

Figure 3-10. TEM image of the WSe; film grown using H.Se at 800 °C and Se:W
ratio of 3200, inset SAED pattern of the yellow circle showing two hexagonal
diffraction patterns with 30 °misorientation indicating epitaxial growth of WSez on

sapphire.
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misorientation. This is consistent with previous simulation results for MoS2 grown on

sapphire suggesting the two lowest energy configurations of the epitaxy.*®

3.4.3 Toxicity and safety

Hydrogen Selenide (H2Se) is a colorless inorganic acid gas at room temperature. It is also
a flammable and highly toxic gas that requires extra caution when handling.!’ It can
attack the eyes and mucus membranes.” The permissible exposure limit (threshold limit
value) for H,Se is 50 ppb and irritation becomes intolerable at 2 ppm.*® Safe laboratory
use of HxSe requires ventilated enclosures for the gas cylinder, gas handling manifold,
CVD reactor, exhaust pump, etc. Gas lines were welded stainless steel with metal gasket-
seal fittings that were helium leak tested under vacuum. In order to prevent H»Se
exposure to air, all exhaust from the system is run through a chemical scrubber. A NaOH
neutralization system (CVD Equipment Inc. EasyExhaust™) was used to treat the
exhaust gases and a toxic gas detection system (Honeywell Chemcassette®) was in place
for H.Se detection during system operation which can switch off all pneumatic valves to

shut off all gas flow in case of detecting overlimit amount of H>Se or an emergency.

3.5 Conclusions

The results of this study demonstrate the potential problems that may be encountered in
using organic chalcogen precursors in MOCVD growth of very thin TMDs films.

MOCVD provides opportunities for scalability to large wafer sizes, improved thickness
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and composition uniformity and the ability for in-situ heterostructure growth, however,
carbon deposition as found in our experiments significantly reduces the ability of
MOCVD to produce coalesced WSe:> films with large domain sizes on sapphire
substrates. It is also possible that carbon is incorporated substitutionally within the WSe;
domains or is attached at the domain edge which could further impact the optical and
electrical properties of the films but additional studies are required to determine this.
Also, carbon deposition is expected to be strongly dependent on the particular substrate
used for MOCVD growth and may be less of a problem on amorphous surfaces such as
SiO2/Si which do not typically promote graphene formation. In any event, hydride
chalcogen precursors such as H2Se are good candidates to replace organic chalcogen
precursors used in growth although care must be taken when handling these sources due

to their high toxicity.
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Chapter 4

Diffusion-Controlled Epitaxial Growth of WSe, on Sapphire

In the previous chapter, we discuss how the unintentional carbon incorporation
from using metalorganic chalcogen precursor can significantly influence the growth of
monolayer or few-layer WSe: films, and a coalesced film can eventually be achieved
through elimination of carbon contamination via hydride chalcogen precursor. Although
coalesced WSe; film is achievable, the lack of controllability on both nucleation and
lateral growth makes it extremely hard to approach monolayer growth of WSe;.
Meanwhile, the high nucleation rate of WSe> nucleation shown in previous chapter
results in two major orientations with 30<Yotation and thus the films are far from single
crystal. In this chapter, we demonstrate a multi-step growth process in the same gas
source CVD process for the epitaxial growth of large area, single crystal WSe> monolayer
and few layer thin films. This multi-step growth process enables independent control of
nucleation, domain ripening, lateral growth and film coalescence and provides
fundamental insights into the 2D growth mechanism. The results in this chapter provide
an important step toward atomic level control of the epitaxial growth of WSe>

monolayers in a scalable process that is suitable for large area device fabrication.

4.1 Introduction

Current development of device technologies based on transition metal

dichalcogenides (TMDs) requires the ability to synthesize large area single crystal
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monolayer and few layer films. Although powder vapor transport (PVT) has been widely
used to prepare TMD crystal domains and films,*? it is difficult to control and modulate
the source supply in this process and uniform deposition over large substrate areas is
challenging. In comparison, gas source chemical vapor deposition (CVD) has both the
metal and chalcogen precursors located outside of the deposition chamber which enables
independent control of precursor partial pressures and ratios. The realization of large
area single crystal TMDC monolayer films, however, requires the ability to precisely
control the density and orientation of nuclei on the substrate surface and the lateral
growth rate of the domains to achieve fully-coalesced 2D monolayer films with minimal

3D growth.

In this chapter, we demonstrate a diffusion-controlled gas source CVD process for
the epitaxial growth of large area, single crystal WSe> monolayer and few layer films on
c-plane sapphire. A multi-step growth process was developed which employs modulation
of the metal precursor partial pressure to independently control nucleation, domain
ripening, lateral growth and film coalescence via surface diffusion processes. By
separating out the nucleation and lateral growth stages, the effects of process conditions
on surface diffusion and lateral growth can be clearly discerned, providing insights into

the fundamental processes that control WSe; domain growth.
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4.2 Experimental Details

4.2.1 Gas source CVD growth conditions

WSe: films were synthesized in the same cold wall vertical quartz tube reactor
with an inductively heated SiC-coated graphite susceptor. Tungsten hexacarbonyl
(W(CO)s) and hydrogen selenide (H>Se) were used as precursors with ultra-high purity
H2 as the carrier gas. 1 cm>1 cm square C-plane sapphire ((0001) a-Al203) were used as
substrates. In a typical growth run, the substrate was heated to the growth temperature
(800 °C) under 700 Torr of H: at a total flow rate of 450 sccm. A multi-step W(CO)s flow
process was then used to control nucleation and lateral growth. The precursors (H2Se and
W(CO)g) were simultaneously introduced into the gas stream when the substrate reached
the growth temperature. The H>Se flow rate was held constant at 7 sccm throughout the
entire growth process. The W(CO)e source powder was contained inside a stainless steel
bubbler which was held at 30 °C and 730 Torr. Initially, H2 carrier gas was passed
through the bubbler at a flow rate of 20 sccm which resulted in a W(CO)s flow rate of
1.8>10°3 sccm out of the bubbler for 0.5-5 min for the nucleation step. The flow rate of
W(CO)s out of the bubbler was calculated from a mass balance considering the vapor
pressure of the W(CO)s precursor at 30 °C3* and the bubbler pressure at 730 Torr. The
W/(CO)s was then removed from the inlet gas stream and the sample was held in HzSe
and H at 800 °C for 0-50 min to allow ripening to occur. Subsequently, for the lateral
growth step, W(CO)e was re-introduced into the inlet gas stream using a Ha carrier gas
flow rate of 4.5 sccm which resulted in a W(CO)s flow rate of 4.2>10* sccm. In

additional experiments, the substrate temperature was held constant at 800 °C during the
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nucleation and ripening steps and was varied from 600 °C to 900 °C during lateral
growth. Studies were also carried out using HzSe flow rates ranging from 4 sccm to 10

sccm during lateral growth to investigate the effect of Se:W ratio.

4.2.2 Film characterization setup

The surface morphology of the samples was analyzed by atomic force microscopy
(AFM) using a Bruker Dimension Icon Atomic Force Microscope system and field
emission scanning electron microscopy (FESEM) using a Zeiss Merlin instrument.
Raman and photoluminescence spectroscopy were carried out using a HORIBA LabRAM
HR Evolution high spectral resolution analytical Raman microscope with a laser
wavelength of 532nm. The composition of the films was investigated by X-ray
photoelectron spectroscopy (XPS) (Phi Versa Probe II) with monochromatic Al Ka x-ray
excitation at 20 kV, equipped with dual beam charge neutralization. Charging offsets
were corrected by calibrating the XPS spectrum based on the C 1s peak position (284.8
eV). Peak fitting was done to confirm the stoichiometry and extent of oxidation of the
films. Reflection high-energy electron diffraction (RHEED) measurement was carried out
using a model RDA-003G electron gun which generates an electron beam of 20 keV and
emission current of 48 pA which was incident on the sample surface at a glancing angle
of ~ 1°. The RHEED pattern was projected on a phosphor screen mounted on a 6-in
flange which was about 20 cm away from the sample and opposite to the electron gun
flange in a vacuum chamber. The RHEED pattern was captured by a digital camera

positioned outside the chamber facing the phosphor screen. The sample was rotated
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azimuthally with a 1.8° step size increment from 0° to 180° in 100 steps and the
corresponding RHEED pattern was recorded at each azimuthal angle.® In-plane X-ray
diffraction (XRD) measurements were conducted using a Panlytical MRD diffractometer
with 5 axis cradle employing Cu Ko radiation and filtering Kg radiation employing Ni
filter. For transmission electron microscopy (TEM) characterization, the WSe> film were
transferred from sapphire substrate onto Quantifoil Au TEM grid by a PMMA-assisted
water transfer method. An FEI Titan 3 (60-300) at 80 kV was used to examine and study

the atomic structure of the WSe> film.

4.3 Single-Step Growth

In chapter 3, we have demonstrated how to achieve a coalesced WSe; film via
removing carbon contamination and using hydride precursor. It is worth noting that even
the film is fully-coalesced, the small domain sizes and lack of controllability on both film
epitaxy and thickness limit its usage in 2D applications. The coalesced film was grown in
a single-step process where both precursors W(CO)e and H>Se were maintain at constant
flow rate once the substrate reaches target temperature, and high W(CO)s flow rate
(~9.010* sccm) was adopted to provide enough nucleation for coalesced film (Note:
here “high” is in terms of flow rate used in monolayer TMDs fabrication). The
disadvantage of using high W(CO)s flow rate is the high growth rate, which results in
both additional nucleation and growth for multilayers and not enough time for domains to
rotate and form single epitaxy. So the question becomes “why don’t we use low W(CO)s

flow rate and long growth time?”” Figure 4-1 demonstrate the FESEM image of the
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sample using very low W(CO)s flow rate (3.0<10** sccm) and long growth time (90 min).
Indeed, the triangular domains under this condition depict larger domains with ~ 2 um in
edge length and more epitaxy with fewer 30otation. However, the domains fail to fully
coalesce with each other due to limited number of nucleation at low W(CO)s flow rate,
and the contrast on those domains in FESEM indicate “pyramid” structure formed where
multilayer WSe starts to grow on the monolayer. Although WSe, domains tend to grow
laterally at low W(CO)s flow rate, the limited surface diffusion length at the growth
temperature is not long enough and the reactant species that fails to diffuse to the edge
either nucleate as second layer or leave the surface. Higher growth temperature should
help but the elevated vapor pressure of Se at higher temperature will result in even higher
flow rate of H>Se. The exceeded Se will condense downstream during the growth and
higher flow rate means a more frequent clean is needed. Further reduction of flow rate of
W(CO)s should also work and has been demonstrated in previous report,® however, the

extremely long 24-hour growth time makes the whole process not that feasible.



Figure 4-1. FESEM image of WSe; domains grown at W(CO)s flow rate of 3.0<10™
sccm, HoSe flow rate of 7 sccm, 800 °C substrate temperature, and growth time of 90

min.

4.4 Multi-Step Growth

A schematic of the multi-step process employed in this work in shown in Figure
4-2a along with representative AFM images of the sample surface throughout the

process. Tungsten hexacarbonyl (W(CO)s) was initially introduced into the reactor at a

higher flow rate (~1.2x10 sccm) for 30 sec to drive nucleation on the sapphire surface.

Immediately after this short nucleation step, a high density of W-containing nanoscale
clusters (~5 nm in size) are present on the stepped sapphire surface along with a few

larger particles (Figure 4-2b). The W(CO)e flow was then removed from the inlet gas

73
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stream and the sample was annealed in H>Se for 15 min. During this annealing period,
the density of nanoscale clusters decreased significantly and oriented triangular WSe>
islands with uniform size formed in a process that resembles two-dimensional ripening
(Figure 4-2c). The W(CO)e was then re-introduced into the inlet gas at a lower flow rate
than the nucleation step (~4.2>10** sccm) to limit further nucleation and promote lateral

growth of the domains (Figure 4-2d).
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Figure 4-2. (a) Schematic diagram of the multi-step process showing variation in
W(CO)s flow rate that was used to control nucleation, ripening and lateral growth. AFM
images of WSe> grown on sapphire substrate (surface steps aligned horizontally) after (b)
nucleation stage (inset shows the 5 times magnification of the surface, scale bar: 50 nm),

(c) ripening stage, and (d) lateral growth stage.
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4.5 Nucleation

4.5.1 Initial nucleation clusters

In the initial short nucleation step, a high density of nanoscale clusters revealed on
the substrate surface after cooldown. XPS was carried out to verify the chemical
composition of the W-Se compound formed during the initial nucleation and lateral
growth steps (done by Tanushree Choudhury, Penn State). Figure 4-4 shows high-
resolution scans for Se 3d and W 4f obtained on two samples immediately after the
nucleation step when nanoscale clusters are present on the surface and after the lateral
growth step when the WSez monolayer is coalesced. In the case of the coalesced film, the
peak positions for W 4f and Se 3d correspond to WSe; and the stoichiometry obtained
from the area under the peaks indicates the W to Se ratio to be 1:2. In comparison,
immediately after the nucleation stage, the XPS spectra contains predominant W 4f peaks
and a smaller peak associated with Se 3d indicating that the clusters are W-rich WSex
particles. This is consistent with results from prior cross-section TEM analysis.” Note that
the W 4f peaks are also shifted to higher binding energy indicating the formation of a
tungsten oxide.® In this case, the oxide likely forms rapidly when the sample is exposed
to air after removal from the reactor chamber due to the small nanoparticle size and non-

stoichiometric composition.



76

16000 < Lateral Growth W 4f

Se 3d

§2
[
3 . . W 4f
QO goo 4 Nucleation

400 4 Se 3d

60 55 50 45 40 35 30
Binding Energy (eV)

Figure 4-3. High-resolution XPS spectra of Se 3d and W 4f for samples (top) after the
lateral growth to form a coalesced WSe> film and (bottom) immediately after the

nucleation step when nanoscale clusters are present on the surface.

4.5.2 Density of initial WSez islands

The nucleation and ripening steps provide a means to control the density, size and
orientation of WSe> islands which is essential for achieving coalesced monolayer films.
The size and density of WSe> islands after the nucleation and ripening stages was
controlled by varying the nucleation time. Figure 4-4a shows the surface morphology
under 30 sec, 1 min and 2 min nucleation time respectively and 10 min ripening time.

Figure 4-4b demonstrates the coverage of WSe: islands on the sapphire surface after 10



7

mins ripening was found to increase approximately linearly from 9 to 40 percentage as
the nucleation time was increased from 30 sec to 5 min. Similarly, Figure 4-4c depicts the
density of WSe islands increase linearly from 4 to 60 um at the same time with a slope
of approximately 12/(pm? min). It is also apparent from the AFM images in Figure S3a
that the small cluster density on the substrate surface decreases with increasing nucleation
time. This is attributed to the reduced spacing between WSe islands at larger nucleation

densities which decreases the length the clusters must diffuse on the surface before

incorporating in an island.
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Figure 4-4. (a) AFM images of WSe, grown on sapphire substrate under varied
nucleation times of 30 sec, 1 min, and, 2 min, and ripening time of 10 min. (b) Sample
surface coverage as a function of nucleation time. (c) WSe> domain density as a

function of nucleation time showing an ~12/(jpm?.min) nucleation rate.
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4.6 Ripening

4.6.1 Post-growth characterization

A detailed study of the ripening stage provides insights into surface diffusion
which is the key mechanism responsible for lateral growth of 2D monolayer domains.
Figure 4-5a shows the WSe; surface morphology grown using a constant nucleation time
of 30 sec and increasing ripening times ranging from 7.5 min to 30 min. As ripening

proceeds, triangular domains start to appear with increasing density and size while the
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Figure 4-5. (a) AFM images of WSe, grown on sapphire substrate under 30 sec
nucleation time and varied ripening time for 7.5, 15, and 30 min. (b) WSe, domain
size as a function of ripening time and cubic root of ripening time (inset). (c) Cluster
density as a function of ripening time and reciprocal of ripening time (inset). (d)

Substrate surface coverage as a function of ripening time.
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small clusters between the triangles decrease in number. The size of the triangular
domains (measured by the edge length of the triangle) increases rapidly up to ~200 nm
within the first 15 min of ripening (Figure 4-5b) with a corresponding decrease in cluster
density (Figure 4-5¢). During this same time period, the total surface coverage decreases
from 15% to 8.5% (Figure 4-5d) mainly due to differences in the projected areas of
clusters versus triangular WSe, domains. Beyond 15 min, the domain size, cluster density
and coverage remain relatively constant or decrease only slightly with further annealing

time.

4.6.2 Ripening and surface diffusion

The time dependencies of the domain size and cluster density within the first 15
min are consistent with classical models of 2D ripening® ! whereby large particles
increase in size as t*® (Figure 4-5b inset) and small particles decrease in density as 1/t
(Figure 4-5c inset). The exact mechanism by which ripening occurs is not known
although it is believed to be associated with surface diffusion of W adatoms or migration
of W-rich WSex clusters. A simplified comparison of the vapor pressures of W (<10
Torr)'? and Se (~2750 Torr)™ at 800 °C suggests that there should be negligible
desorption of W-containing species from the surface and hence are likely the species
involved in the ripening process. Tungsten-containing adatoms may diffuse from small to
large clusters driven by the concentration gradient resulting from the Gibbs-Thompson

effect (known as Ostwald ripening),'® or the clusters themselves may migrate on the
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surface and coalesce into larger domains (known as Smoluchowski ripening),*** or a

combination of both processes may occur.

4.6.3 Derivation of surface diffusion coefficient

In the case of 2D Smoluchowski ripening, the derivation of surface diffusion
coefficient is based on the following assumptions: the WSe; cluster size is negligible
compared to the distance between clusters; clusters coalesce into one larger cluster once

they reach each other. The surface diffusion coefficient (D) of the clusters can be

estimated based on Brownian motion and the Einstein equation L = 2v/Dt where Lp is
the mean cluster displacement and t is the ripening time.* The mean cluster displacement
can be approximated as Lp = 1/2L,, where Lay is the average distance between clusters.
The schematic plot in Figure 4-6a shows the relationship between Lp and Lav. Since all
clusters participate in the coalescence event, any cluster distance smaller than 2Lp should
coalesce. Along with the assumption that WSe; cluster size is negligible, the Lay should
be approximately equal to 2Lp, where L, = \/m In this way, the cluster density is
then related to the ripening time as 1/N = 16Dt. A plot of (1/N) as a function of t
(Figure 4-6b) shows a linear dependence in the first 10 minutes of ripening from which
the cluster surface diffusion coefficient can be estimated as 1.2x10* cm?/s. This value
which we associate with the diffusivity of the W-rich WSey particles is comparable to the
diffusivities of ~5 nm Pt particles on alumina (1.5 <10"*4 cm?/s at 600 °C)* and ~6 nm
Au particles on sapphire (2.0x10* cm?/s at 500 °C).2> Note that small clusters are also

present on the top surface of the WSe islands after ripening, typically near the edge of a
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domain (Figure 4-5a). These small clusters have been reported as W-rich WSex

particles,” which are similar to those present on the sapphire surface that are unable to

migrate over the domain edge due to an Ehrlich-Schwoebel diffusion barrier.16
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Figure 4-6. (a) Schematic plot showing the method to estimate diffusivity. The average
distance between clusters L, = \/m where N is the cluster density. Assume the size
of the cluster is small to be neglected, the estimated mean cluster displacement L, =
1/2L4,. (b) The reciprocal of cluster density as a function of ripening time showing a
linear relationship in the first 10 min with a slope of 2>10" pm?/min, from which the

diffusivity can be derived as 1.2x104 cm?/s.



82
4.7 Lateral Growth

4.7.1 Coalesced monolayer film

To achieve a coalesced monolayer of WSe», continued nucleation between or on
top of the initial WSe islands needs to be suppressed in order to promote lateral growth
of existing domains. Therefore, following the nucleation and ripening steps, the W(CO)s
precursor was reintroduced into the inlet gas stream at a lower flow rate of 4.2>10* sccm
in order to reduce the gas phase supersaturation which is the driving force for crystal
nucleation and growth.'® Figure 4-7a shows scanning electron microscope (SEM) images
of samples grown using 30 sec nucleation time, 15 min ripening time and varied lateral
growth time of 5 min, 20 min, 30 min, and 45 min. Immediately after ripening, the
domains are approximately 120 nm in size and cover 8% of the sapphire surface (t=0 of
Figure 4-7b). As the lateral growth time is increased, the density of triangular domains
remains relatively constant and the domain size and surface coverage increase nearly
linearly with lateral growth time from 5-15 mins (Figure 4-7b). It should be noted that
the lateral growth rate in first 5 min appears to be reduced which is likely due to a short
time lag for the W(CO)s precursor to reach the substrate after it is re-introduced into the
inlet gas stream. As the surface coverage increases above ~50% (15 mins), however, the
lateral growth rate of the monolayer decreases likely due to precursor adsorption
occurring more frequently on existing WSe, monolayers rather than on the sapphire
surface. As the WSe, monolayer domains increase in size, the adatoms must diffuse a
longer distance to reach the domain edges, therefore, it becomes more likely that they

will contribute to bilayer growth instead rather than fill in the initial monolayer. Indeed,
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the lateral growth rate and coverage of bilayers increases after 15 mins when the
monolayer lateral growth rate decreases (Figure 4-7b). A fully coalesced monolayer with
~36% bilayer coverage across the entire 1 cm>L cm sapphire substrate can be achieved in

~45 min.
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Figure 4-7. (a) SEM images of WSe, grown on sapphire substrate under 30 sec
nucleation time, 15 min ripening time and varied lateral growth time for 5 min, 20 min,
30 min, and 45 min. (b) WSe, monolayer domain size and surface coverage as a
function of lateral growth time and bilayer surface coverage as a function of lateral
growth time. A fully coalesced monolayer WSe> film is achieved in ~45 min lateral
growth. (c) Orientation histogram from 10 min and 20 min samples confirms that WSe;
domain edges are primarily oriented at 0° and 60° with respect to steps on sapphire. (d)

Schematic illustrating 0° and 60° oriented WSe> domains on sapphire (0001) surface.
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4.7.2 Preferential orientation

The WSe> domains clearly exhibit preferred orientations on the (0001) sapphire
surface which begins during the ripening stage (Figure 4-5) and is maintained throughout
the lateral growth stage. A histogram (Figure 4-7c) of domain orientations measured after
5 min, 10 min and 20 min of lateral growth when the domains are still isolated from each
other shows two preferred orientations of 0° and 60° with respect to the step edge
direction which corresponds to the [1120] direction of sapphire, similar to that reported
for epitaxial growth of MoS; domains on (0001) sapphire substrate by oxide powder
vaporization.'® The preferred orientation results from the commensurability between
WSe, and sapphire (0001). Although there is large lattice mismatch between WSe>
(a=3.282 A)?° and sapphire (001) (a=4.760 A),?* it is reduced to ~3.4% mismatch for 3>3
WSe; unit cells on a 2>2 (0001) sapphire surface (Figure 3d). Raman and room
temperature photoluminescence (PL) spectroscopy confirm the existence of monolayer
WSe; due to the absence of a breathing mode at ~310 cm™ WSe; (Figure 4-8a)*>% and a
strong PL peak that varies from 1.60 to 1.64 eV (Figure 4-8b)?? across the sample
surface. Raman mapping (Figure 4-8c) indicates that film is largely monolayer across the
5 um>& um scan area, however, smaller scale lateral variations are evident from changes
in the Raman peak intensity (Figure 4-8c) and PL peak position (Figure 4-8d). The
lateral non-uniformity may arise from localized Fermi level modulations in the WSe; due
to surface reconstruction of sapphire at the step edges,?® and/or local variations in strain
in the WSe; film due to tensile stress that is induced in the film upon cooldown from the

growth temperature due to differences in the coefficients of thermal expansion of WSe>
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(0a=11.08>10%/°C)?" and sapphire (0a=8.1>10%/°C)?8 as has been reported for CVD-

grown MoSe; on Si0.2°
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Figure 4-8. (a) Raman spectrum of coalesced monolayer WSe> film. (b) PL spectra of
different regions on monolayer WSe: film showing the optical band gap energy varies
1.60-1.64 eV. (c) 5 pm>& m Raman intensity map at 310 cm™ showing most of

region across the film is monolayer. (d) 5 pm>& m PL peak position map illustrating

the uniformity of PL spectra across the film.



86

4.7.3 Substrate temperature effect

The multi-step process also provides a pathway to study the effects of growth
conditions on the domain shape and lateral growth rate independent of their impact on the
nucleation process. For example, Figure 4-9a shows the WSe, domain morphology after
10 min of lateral growth at 600 °C, 700 °C, 800 °C, and 900 °C with the nucleation and
ripening conditions held constant (30 sec of nucleation and 15 min of ripening at 800 °C)
to maintain a constant initial WSe, domain density and size. Over the temperature range
from 700 °C to 900 °C, the domain size and density are only weakly dependent on the
growth temperature (Figure 4-9b) suggesting that the growth is limited by mass transport
of precursors to the growth surface as is commonly observed for MOCVD growth of 111-
V epilayers.®® This is reasonable considering that both W(CO)s and H2Se are expected to
decompose in the gas phase at temperatures as low as 375°C,31-33 consequently, WSe;
growth is unlikely to be limited by Kkinetics at the growth conditions used in this study. At
a lower temperature of 600 °C, however, a bimodal distribution of domain sizes was
observed. The larger domains can be attributed to the initial islands formed during the
nucleation and ripening stages while the smaller domains likely arise from additional
nucleation occurring during the lateral growth step due to reduced surface diffusion at the
lower substrate temperature. In this case, surface adatoms are likely to form new
nucleation sites rather than diffuse to one of the existing WSe: islands and contribute to

lateral growth.
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Figure 4-9. (a) SEM images of WSe, grown on sapphire substrate under 30 sec of
nucleation, 15 min of ripening, and 10 min of lateral growth at varied substrate
temperatures of 600 °C, 700 °C, 800 °C, and 900 °C. H.Se flow rate was held constant at
7 sccm and Se:W ratio was ~26000 during the lateral growth stage. Inset SEM images
show the shape of the WSe, domains. (b) WSe, domain size and domain density as a
function of substrate temperature. (c) Schematic diagram showing the variation of WSe>
domain shape under different surface Se:W ratios. (d) SEM image of WSe> grown under
30 sec of nucleation, 15 min of ripening, and 10 min of lateral growth at substrate
temperature of 900 °C. H2Se flow rate was increased to 10 sccm and Se:W ratio was
~37000 during the lateral growth stage. Inset SEM image shows the shape of WSe;

domain.
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The change in substrate temperature also alters the shape of the WSe, domains
which evolves from triangular at 700 °C to truncated triangular at 900 °C (Figure 4-9a
insets). Previous reports have demonstrated a similar shape evolution of individual MoS;
and WSe, domains in PVT with respect to the source evaporation temperature,® substrate
location relative to the source,® and growth temperature.®® Based on these prior studies,
the triangular domains shape can be attributed to the faster growth rate of W-terminated
edges relative to the Se-terminated edges due to excess Se at the growth front which is
expected given the high Se:W inlet gas ratio (~26,000) used in the growth process. As the
growth temperature is increased, however, the W-terminated edge growth rate decreases
relative to that of the Se-terminated edge resulting in truncated triangular domains which
are expected to transition to a hexagonal shape when the local Se:W ratio is ~2 (Figure 4-
9¢).%® While the Se:W inlet gas ratio remained constant in these experiments, the local
Se:W ratio at the growth front is expected to be strongly temperature dependent due to
the large differences in vapor pressure between Se and W which will impact surface
adatom concentrations. As previously discussed, the vapor pressure of selenium is ~2750
Torr at 800 °C and increases exponentially with temperature®” while the vapor pressure of
W remains negligibly low throughout this temperature range.? Consequently, the
sticking coefficient of Se on the sapphire surface should decrease significantly with
temperature relative to that of W resulting in a reduction in the local Se:W ratio on the
surface as the temperature is increased. To test this hypothesis, the Se:W inlet gas ratio
was raised from 26,000 to 37,000 for growth at 900 °C which resulted in a transition back
from truncated triangular to triangular shaped domains (Figure 4-9d) confirming the local

Se:W dependence of the domain shape.
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4.8 Structural Characterization
4.8.1 RHEED

4.8.1.1 In-plane lattice constant of WSe; layer

The RHEED in this chapter was carried out by Yu Xiang at Rensselaer
Polytechnic Institute. For RHEED analysis, the sample was aligned with the sapphire
<1010> parallel to the incident electron beam at the initial position (azimuthal angle ¢ =
0°). Figures 4-10a and 4-10b show the RHEED patterns from two azimuthal angles about
30° apart, ¢ = 239.0° and ¢ = 269.6°, respectively. Figures 4-10c and 4-10d show the
integrated intensity from the yellow dashed box plotted in parallel momentum transfer k;
direction (parallel to the shadowing edge of the sample) assuming the intensity along
streaks (perpendicular momentum transfer k. direction) is featureless. These peaks are
symmetric with respect to the central streak. From the peaks in Figures 4-10c and 4-10d,
the average adjacent reciprocal spacing between the streaks are measured to be 2.2 +0.1
Aland 4.0 0.1 A%, respectively. 2H phase WSe; has a hexagonal lattice with a bulk

lattice constant a = b = 3.2820 A, ¢ =12.9600 A, o = B =90°, y = 120°. If we choose the
angle between the reciprocal base vectors of WSe: to be 60°, then |G (hk)| =

= VRZ + hk + k2. Theoretically, |G(10)| = 2.2106 A%, |G(11)| = 3.8289 A™. The
measured numbers 2.2 +0.1 A and 4.0 0.1 A agree very well with the theoretical

calculation for |G(10)| and |G (11)| of WSez. From the experimentally measured values
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of |G (hk)|, the lattice constant of WSe is determined to be a = 3.2 0.1 A, which agrees

very well with the bulk value.

-10 5 0 5 10 -10 -5 0 5 10

Figure 4-10. RHEED patterns of WSe: collected from 20 keV incident electrons
scattered from two azimuthal angles about 30° apart, (a) ¢ = 239.0° and (b) ¢ = 269.6°.
(c) Integrated intensity from the yellow dashed box plotted in parallel momentum
transfer kj direction in (a). (d) Integrated intensity from the yellow dashed box plotted

in parallel momentum transfer kj direction in (b).

4.8.1.2 Reciprocal space structure of WSe, and its epitaxial relationship with sapphire

The regular orientation of WSe, domains on the surface of the non-coalesced
samples suggests that the film is epitaxially oriented with respect to the sapphire. This
was confirmed and quantified through RHEED analysis which was carried out on 1 cmx>l

cm fully-coalesced monolayer films. Figure 4-11a shows the experimentally measured
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RHEED 2D reciprocal space structure of the WSe> monolayer plotted as the intensity k;
(the momentum transfer parallel to the surface) vs. 360° azimuthal directions constructed
from 100 RHEED patterns recorded when the sample was rotated azimuthally with a 1.8°
step size from 0=to 180<in 100 steps as previously demonstrated.*®% In order to enhance
the signal to noise ratio the intensity at each k; is averaged within the range 2.8 A <k, <
3.1 AL, The averaged intensity is then normalized to one. The experimental RHEED 2D
reciprocal space structure shows six-fold symmetry. It also implies if not all or at least the
majority of the WSe; flakes have the same orientation on a-Al20O3 (0001) substrate.
Figure 4-11b shows the theoretical simulation of 2D reciprocal space structure of WSe>
when the out-of-plane direction is the [0001] direction. The good agreement between
constructed 2D reciprocal space structure of WSe> and simulated one indicates that the
WSe2 monolayer is nominally single crystal with an epitaxial relation of [1010] WSez |

[1010] o-AlOs.

(a) e 1.00 (b) 1<1050>w3e2
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Figure 4-11. (a) Experimentally constructed RHEED 2D reciprocal space structure of
WSe; plotted as the intensity (k) vs. 360° azimuthal directions from 100 RHEED
patterns recorded when the sample was rotated azimuthally with a 1.8 “step size from 0°

to 180<in 100 steps. (b) Theoretical simulation of 2D reciprocal space structure of WSe;
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looking along the out-of-plane [0001] direction which matches the experimental result in

(), showing [1010] WSez I [1010] o-Al,Os.

4.8.2 In-plane XRD

The in-plane XRD in this chapter was carried out by Mikhail Chubarov at Penn
State. The epitaxial relation was also confirmed by in-plane XRD measurements*® which
were carried out across the entire 1cm x<1L cm sample area. The X-ray 6—26 scan recorded
using in-plane diffraction geometry at a ¢ angle where the 1120 peak of a-AlO3 was
observed, revealed the presence of both WSe; and substrate 1120 peaks (Figure 4-12a).
Rotation around the surface normal fixing the 20 angle at the 1120 peaks of WSe; and o.-
Al,03 (Figure 4-12b) shows epitaxial growth with an in-plane epitaxial relation of [1120]
WSe I [1120] a-Al.O3 which is consistent with RHEED measurement based on the
crystal symmetry of WSe,. The measured full width at half maximum (FWHM) of (1120)
peaks of WSe; in Figure 4-12b show a narrow value of 0.289ndicating the film is highly

oriented.
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Figure 4-12. (a) 6-20 X-ray diffractogram recorded at ¢=30“showing reflections
which correspond to (1120) of WSe2 and a-Al-Os. (b) ¢-scan recorded at 20 =37.91°

showing [1120] WSe; I [1120] a-Al2Os.

4.8.3 High Resolution STEM

High resolution scanning transmission electron microscopy (STEM) was done
by Fu Zhang at Penn State and used to further study crystallinity and identify defects and
grain boundaries in WSe; films removed from the sapphire substrate by a water transfer
process.*! The STEM image (Figure 4-13a) under low magnification and the
corresponding selected area electron diffraction (SAED) pattern (Figure 4-13a inset)
shows that the film consists of a single crystal coalesced monolayer of WSe, with some
additional bilayer and trilayer growth. High angle annular dark field scanning TEM
(HAADF-STEM) images (Figure 4-13b and 4-13c) display the atomic structure of the
WSe; film where W and Se atoms can be identified by analyzing the intensity profile due

to the Z-contrast (atomic number) characteristics in the monolayer region of WSez. A 60
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grain boundary (GB) (inversion domain boundary) is evident in the monolayer region of
WSe> (marked by red dashed line in Figure 4-13b). Figure 4-13c shows a higher
resolution HAADF-STEM image of the 60 =GB that is parallel to the zigzag geometry of
the WSe lattice and is stitched together by 4-fold (marked in yellow) and 8-fold (marked
in green) (4/8) rings via point sharing at common Se sites. This indicates the formation
of inversion domain boundaries that result from coalescence of 0° and 60° WSe>

domains.*243

(b)

Figure 4-13. (a) Low-magnification TEM image of coalesced WSe, showing single
layer structure and sequent layers and the corresponding SAED pattern (inset). (b)
Atomic resolution HAADF-STEM image showing the existence of anti-phase grain
boundaries in the film. (c) Higher resolution HAADF-STEM image showing 4|8 rings

attributed to the coalescence of 0° and 60° WSe, domains.
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4.9 Conclusions

In summary, this chapter demonstrates a diffusion-controlled gas source CVD
process for the epitaxial growth of large area, fully-coalesced single crystal WSe>
monolayer and few layer films on c-plane sapphire. A multi-step growth process was
developed which employs modulation of the metal precursor partial pressure to
independently control nucleation, domain ripening, lateral growth and film coalescence
via surface diffusion processes. By separating out the nucleation and lateral growth
stages, the effects of process conditions on nucleation density, lateral growth rate and
domain shape can be clearly distinguished, providing experimental insights into the
fundamental mechanisms that control 2D domain growth. The results of this study are an
important step in the development of a reproducible epitaxial growth technology for large

area monolayer TMDC films and 2D heterostructures.
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Chapter 5

Defect-Controlled Nucleation and Orientation of WSe2 on hBN

This chapter further developed a defect-controlled approach for the nucleation and
epitaxial growth of WSe> on hBN in a gas source chemical vapor deposition process and
explored the role of single-atom vacancies on the hBN surface in controlling orientation of
WSe, domains. In previous chapter, inversion domain boundaries become an unsolved
issued in the coalesced monolayer film grown on sapphire substrate. The results in this
chapter reveal an important nucleation mechanism for epitaxial growth of van der Waals
heterostructures and demonstrate hBN as a superior substrate for single crystal transition
metal dichalcogenide films, resulting in a reduced density of inversion domain boundaries
and improved properties. The results motivate further efforts focused on the development
of single crystal hBN substrates and epilayers for synthesis of wafer-scale single crystal

transition metal dichalcogenide films.

5.1 Introduction

The rapid development of device technologies based on 2D transition metal
dichalcogenides (TMDs) and their heterostructures presents increasing demand for
synthesis of wafer-scale high quality single crystal monolayer and few layer films.
Wafer-scale coalesced polycrystalline TMD films on amorphous substrates have been
demonstrated via a hot-wall metalorganic chemical vapor deposition (MOCVD)

process.' 3 To reduce the prevalence of random orientations and high-angle grain
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boundaries, epitaxial growth of TMD domains or films has been further investigated on
various single crystal substrates such as epitaxial graphene,*® hexagonal boron nitride
(hBN),”® Au (111),° and c-plane sapphire.'® The epitaxial growth of TMDs has been
further developed into a wafer-scale process via controlled nucleation and coalescence of
a high density of islands into a continuous film on c-plane sapphire.!! However, inversion
domain boundaries (IDBs) (also referred to as mirror twin grain boundaries) were still
observed in these films resulting from a merging of a mixture of 02and 180%vriented
domains.>®1112 |DBs have been predicted and experimentally demonstrated to exhibit
metallic character and consequently can serve as conducting channels within the
monolayer that negatively impact both electrical and optical properties.*>6 In addition,
non-uniformities in the optical and transport properties of these TMD films arise from
steps and surface dangling bonds at the interface between the 2D film and 3D
substrate.!1718 Al of these factors negatively impact the properties of coalesced

monolayer films and also promote undesirable multilayer growth.

In contrast to conventional single crystal substrates (e.g. sapphire), an hBN
substrate offers many potential benefits for the epitaxial growth of large TMD domains.
The basal plane of hBN, in its pristine form, can be considered free of steps and dangling
bonds and is expected to enable reduced nucleation density and high adatom surface
diffusivity. The hexagonal crystal structure of hBN makes it compatible for epitaxial
growth of most 2D TMDs.%%° In addition, the high dielectric constant and chemically
inert surface of hBN suppresses scattering from charged impurities and substrate

phonons, yielding higher mobilities?®?? and increased exciton densities?®>?* in adjacent
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TMD monolayers. Okada et al. first presented the 0°and 180<oriented domains for WS>

grown on hBN via powder vapor transport (PVT), 32 followed by Yu et al. who
demonstrated the epitaxial growth of MoS2 on hBN via PVT showing these two oriented
domains in approximately equal number similar to that obtained for growth on sapphire.®
However, Fu et al. observed up to 98% preferred orientation for monolayer MoS;
domains grown on hBN by molecular beam epitaxy (MBE).? Subsequent first-principles
calculations reported by Zhang et al. proposed that the orientation selectivity originates
from single-atom vacancies on the hBN surface that act as nucleation sites and break the
nearly degenerate 0/180€omain orientations.?® Achieving a single preferred orientation
of TMD domains on hBN is highly desired to reduce the density of IDBs in coalesced
epitaxial films, however, little is known about the origin and nature of the single atom
vacancies in hBN responsible for this behavior. In addition, the ability to harness these
defects to control both the nucleation density and orientation of TMD monolayer domains
is highly desired as a pathway to achieve high quality single crystal monolayers over

large areas via coalescence of individual domains.

In this study, we investigate the mechanism of defect-controlled domain
alignment of 2D TMDs on hBN using a combination of experimental studies and first-
principles calculations. The results provide experimental evidence that single-atom
vacancies in hBN trap W atoms and thereby act as nucleation sites that break the
symmetry and selectively stabilize a single preferred WSe, domain orientation.

Subsequent coalescence of the WSe, domains leads to monolayer films with reduced
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IDBs and enhanced photoluminescence and transport properties thereby demonstrating

the significant benefits of hBN as a substrate or template layer for TMD epitaxy.

5.2 Experimental Setup

5.2.1 Substrate preparation

The hBN flakes were mechanically exfoliated (ME) from powder (grade PT 110,
Momentive Performance Materials) and placed on a c-plane sapphire substrate. Both
freestanding ME-hBN transferred onto TEM grid and ME-hBN placed on sapphire
substrate were used as templates to fabricate WSe2/hBN heterostructures by gas source

CVD process.

5.2.2 WSe2 multi-step growth process

The multi-step gas source CVD process developed in chapter 4 was also
employed in this study. Substrate was placed onto a SiC-coated graphite susceptor which
was inductively heated up to 800 €€ under H: in a cold wall vertical quartz tube reactor.
W(CO)e was first introduced into the reactor at a high flow rate of 1.2>10 sccm to drive
nucleation. The W(COQ)e flow was then removed for 10 min which allows surface species
to diffuse and form oriented WSe, domains. Afterward, the W(CO)s flow was re-
introduced into the reactor at a lower flow rate of 6.1x10* sccm to promote lateral
growth of the domains. The H.Se flow rate was maintained at 7 sccm during the whole

growth process.
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5.2.3 Plasma treatment

The hBN flakes on sapphire substrate were exposed to reactive ion etching
treatment. 50 sccm of He gas was introduced into a Tepla M4L Plasma Etch system at a
regulated pressure of 180 mTorr, with a radio frequency (13.56 MHz) power of 50W to
generate He plasma. Different etching times were applied to hBN surfaces while fixing

other plasma generation parameters.

5.2.4 NHs Annealing

The hBN flakes on sapphire substrate were annealed in a group IlI-nitride
MOCVD system under NH3/H2 environment for 30 minutes at a temperature of 1100 <.
An NH3 flow rate of 1 sim was used and ultra high purity H> was used as an additional

carrier gas with a total flow rate of 7 sIm and reactor pressure of 50 Torr.

5.2.5 Morphology characterization

The surface morphology of the samples was analyzed by atomic force microscopy
(AFM) using a Bruker Dimension Icon Atomic Force Microscope system and field

emission scanning electron microscopy (FESEM) using a Zeiss Merlin instrument.
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5.2.6 TEM characterization

Scanning transmission electron microscopy (STEM) imaging were carried out on
a FEI Titan® 60-300 microscope operating at 80kV with a monochromated gun and
spherical aberration corrected lenses, providing sub-angstrom resolution. A HAADF
detector was used for the ADF-STEM imaging with a collection angle of 51-300 mrad, a
beam current of 45 pA, and beam convergence angle of 30 mrad (C2 aperture of 70 um)
for STEM image acquisition. The HREM imaging condition for hBN surface defects was
tuned to a negative Cs to provide white atom contrast at a slight over focus. Imaging of
surface defects on BN carried out at the electron dose of ~5000 e /A? s to minimize

structural damage.?’

5.2.7 Photoluminescence measurement

A Renishaw inVia microscope with a Coherent Innova 70C argon-krypton laser
with 488 nm excitation wavelength was used for acquiring the Raman and
photoluminescence (PL) spectra using a backscattering configuration with a 1800
lines/mm grating. PL mapping of both WSe2/hBN and WSe>/sapphire were carried out
using a HORIBA LabRAM HR Evolution high spectral resolution analytical Raman
microscope with a laser wavelength of 532 nm. Temperature-dependent PL spectra were
measured using a Linkam THMS600 optical stage as the sample holder. All the low-

temperature PL spectra were acquired in nitrogen environment.
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5.2.8 Electrical measurement

The films were transferred onto a 100 nm SiO, on p** Si substrate using a PMMA
assisted transfer process (see 2.5 Etch-free Transfer of 2D TMD films).?® The 5 pm
channel regions for the WSe> on SiO2 and WSe> on hBN on SiO> devices were defined
using electron beam lithography (Raith EBPG-5200) and ZEP520A photoresist. The
WSe, was etched using a SFe/O2 based etch in a Plasma-Therm Versalock etch tool. The
resist was then removed by submersing in 85 <C JT Baker PRS3000 for 30 minutes
followed by an IPA rise. The source drain contacts were patterned usinga MMA/PMMA
resist process and the 40 nm Ni/ 30 nm Au metal contacts were deposited via electron
beam evaporation (Kurt J. Lesker Lab-18). Measurements were taken in vacuum (<107
Torr) using a Lakeshore CRX-VF probe station and a Keysight B1500A. The hBN

thickness was measured by AFM.

5.2.9 First principles calculations

All first-principles calculations were performed within density functional theory,
using the Perdew-Burke-Ernzerhof parametrization of the generalized gradient
approximation (GGA-PBE) exchange-correlation functional.2®3° Electron-ion interactions
were modeled by projector augmented wave (PAW)3!3? pseudopotentials, as
implemented in the Vienna Ab initio Simulation Package (VASP).3® A semi-empirical
pairwise Van der Waals correction were included using the DFT-D3 method by

Grimme.3* Structural relaxations were performed until forces were smaller than 0.01
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eV/A. For the migration barrier of a W adatom on top of WSe,, the nudged elastic band

calculation® were performed using the climbing image method.3®

5.3 Preferential Domain Orientation

WSe> monolayer films were grown by a multi-step process in a gas source CVD
reactor at 800 <€ using W(CO)s and H,Se in a H carrier gas.?® Single crystal hBN flakes
exfoliated from bulk crystals onto c-plane sapphire ((0001) a-Al2Oz) were used as
substrates. In this case, a short 20 min growth time was used to achieve separated WSe>
domains. The WSe triangular domains grow epitaxially on the mechanically exfoliated
hBN surface with only two orientations (Figure 5-1a), with the majority of the domains
(~84%) exhibiting a single orientation, and the remainder inversely oriented (Figure 5-
1b). This is different than previous growth outcomes of TMD monolayers on c-plane
sapphire where the epitaxial domains show 0<and 180riented domains with nearly
equal proportion.1®! To directly inspect the structure of laterally stitched regions, a
partially-coalesced WSe, monolayer on an hBN flake was transferred onto a transmission
electron microscopy (TEM) grid and an area with two types of merging domains —
between the same (region A in Figure 5-1c) and inverse (region B) orientations — was
identified by scanning TEM (STEM) (done by Fu Zhang, Penn State). Figure 5-1d shows
the high angle annular dark field (HAADF-) STEM image (top) and corresponding
inverse fast Fourier transform (FFT) image (after selecting only the WSe, FFT spots,
bottom) of region A, demonstrating a continuous WSe lattice on hBN stitched

seamlessly between the two domains with the same orientation. In contrast, the HAADF-
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STEM image (top) and corresponding inverse FFT image (bottom) of region B in Figure
1e clearly shows the formation of an IDB between two domains with 0<and 180°
orientation. An atomic resolution HAADF-STEM image along the IDB shows 4|8 ring
motifs (Figure 5-2), consistent with a previous report.? This demonstrates that the
density of IDBs can be minimized by maximizing the orientational uniformity of WSe;
on hBN, in which case stitching across same-orientation domains would not be troubled
by translationally offset grain boundaries and would not leave an unclosed gap

inaccessible to incoming source molecules.
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Figure 5-1. (a) AFM image of epitaxial WSe, domains on hBN. (b) Orientation
histogram of 0° and 180° oriented WSe, domains on hBN. (c) ADF-STEM image of
region with two types of merging domains. (d) HAADF-STEM image (top) and
corresponding inverse FFT image (bottom) of region A in (c) showing no grain boundary
formed between two domains with same orientation. () HAADF-STEM image (top) and
corresponding inverse FFT image (bottom) of region B in (c) showing inversion domain

boundary formed between two domains with 0° and 180° orientation.
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Figure 5-2. HAADF-STEM image of WSe; on BN, the anti-phase grain boundary
between the 02and 60domains contains 4|8 rings highlighted in the image. It is noted
that a slight sample tilt and high contrast are applied in the imaging condition to blur the
information of underlying BN and the corresponding Moirépatterns between WSe; and

BN, which help identify the WSe; lattice.

5.4 Defect-Controlled Nucleation

First-principle calculations previously carried out for MoS growth on hBN
suggest the preferred orientation arises from single-atom vacancies on the hBN surface
that lift the 0/180Uegeneracy and stabilize one orientation against its inverse.? In

addition, this mechanism also offers a pathway to control the nucleation density of TMD
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domains on the surface. To investigate this further, the multi-step growth process from
chapter 4 was adopted for WSe> growth on hBN which employs modulation of the
W(CO)s partial pressure to independently control nucleation, domain ripening, and lateral
growth of domains.'! By isolating the nucleation step from the subsequent growth of
domains, insights into the fundamental mechanisms that control WSe, growth on hBN
can be gleaned. Figure 5-3a shows a series of SEM images of WSe, grown on hBN and
sapphire surfaces under varied nucleation times of 30 s, 1 min, and 2 min while holding
the times for ripening (10 min) and lateral growth (10 min) constant. For growth on
sapphire, a continuous increase in domain density with increasing nucleation time was
observed (Figure 5-3b). In contrast, the domain of WSe; on the hBN surface remains
relatively constant density and preferred orientation (Figure 5-4) irrespective of the
nucleation time.

The results can be interpreted using classical nucleation theory,®” whereby the

surface nucleation density N can be expressed as

AG”
sznS]Aexp(—m)dt

where ns is the available surface nucleation site density, J is the impingement rate
of precursor molecules, A is the area of the nucleus, AG* is the energy barrier to reach a
critical nucleation size, T is the growth temperature and t is the nucleation time. In the
case of sapphire, WSe; can readily nucleate on the surface due to the relatively high
surface energy (from dangling bonds, steps, etc.), which results in a reduced energy
barrier AG*to nucleation. In addition, the available surface nucleation site density ns on

sapphire is large and invariant due to the high concentration of steps and other defects
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which act as nucleation sites. Since, for the experimental conditions employed, A, AG*, J
and T are constant, the nucleation density N is expected to vary linearly with the growth
time t, which is consistent with the near linear relationship between domain density and

nucleation time experimentally observed on sapphire in Figure 5-3b.
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Figure 5-3. (a) SEM images of WSe> grown on hBN (left) and sapphire (right)
respectively under varied nucleation time of 30 s, 1 min, and 2 min and same 10 min
ripening and growth time. Scale bar: 1 um. (b) Domain density histogram versus
nucleation time showing the nucleation on hBN is not controlled by the amount of

precursors on the surface.
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Figure 5-4. Color-marked SEM images of WSe; gro_wn on hBN with a preferred

orientation shown in Figure 2a. Scale bar: 1 um.
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In comparison, for pristine hBN, the low surface energy associated with the basal
plane vdW surface results in a high nucleation energy barrier AG* that makes WSe;
nucleation on pristine hBN prohibitively unfavorable, limiting nucleation to hBN defects
(e.g. single atom B or N vacancies), where AG* is locally reduced. The available surface
nucleation site density ns(t) thus starts equal to the defect density of hBN and becomes
quickly depleted with increasing nucleation time due to the limited number of surface
defects. Consequently, the domain density N saturates and becomes independent of
nucleation time t (Figure 5-4b). Additional evidence of defect-limited nucleation comes
from the non-uniform distribution of WSe> domains observed on one hBN flake (Figure
5-5), likely due to non-uniformities in the distribution and type of defects formed during

mechanical exfoliation. All of the above observations reflect a defect-controlled

nucleation mechanism for WSe; growth on hBN.
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Figure 5-5. WSe, grown on pristine hBN surface under 30 s nucleation and 10 min

ripening showing a non-uniform distribution of WSe, domains.
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5.5 First-Principles Calculations

To further verify whether the density of hBN surface defects are on the order of
um-2 (thus limiting the WSe, domain density on hBN at the same level), first-principles
density functional theory (DFT) calculations were used to predict the equilibrium hBN
defect concentration as a function of temperature. The all DFT calcualtions in this chapter
was done by Yuanxi Wang at Penn State. The experimental thermochemical condition
(under which hBN defects are created) controlled by e.g. un can be determined if we
assume an initially defectless hBN reacts with H: to yield an equilibrium population of
defects along with NHs, and B2He.® By requiring total atom conservation for B and N,
the equilibrium population ratio of B to N vacancies should equal the partial pressure

ratio of the corresponding products

Eg_vactMB—EhpN GB,Hg+2uN-2GBN-3GH,
e KT 2Pg p, 2e kT

EN-vactMN-Eppn = P - GNH3+pB—GBN-3/2GH,
e kT NH; e kT

where G terms are the standard Gibbs free energies and Eg.vac and En.vac are the total
energies of boron and nitrogen vacancy systems respectively; the Gibbs energy for each
gas species is given by G = Eprr + Ezpe — TS, where Ezpe is the vibrational zero-point
energy, and the entropy term TS is evaluated from the translational, rotational, electronic,
and vibrational partition functions of the gas species at 800€.%® Together with the
constraint of ps+un=Ensn, the equilibrium pn can be determined to be close to the N-poor
condition, as discussed in the main text. Estimating hBN defect population if defects
were created during hBN synthesis (and “frozen-in” during subsequent WSe; synthesis)

or during hBN exfoliation is more challenging and beyond the scope of the present study.
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As shown in Figure 5-6a, plotting the equilibrium defect density (No e Ef/kT
where No is the number of hBN unit cells per area and Eqer the defect formation energy)
with respect to temperature, a defect formation energy within the range of 1.5t0 2 eV is
required to reach a defect density on the order of ~1 pm at 800 €, as indicated by the
dashed horizontal line. The defect formation energies for N and B vacancies are shown
by the solid lines in Figure 5-6b, as a function of the Fermi energy relative to the valence
band edge of hBN, where the two panels reflect the N-rich (N chemical potential p Set to
the energy of N2) and N-poor limit (B chemical potential pg = Ensn— pn Set to the energy
of bulk a-Boron).*° Both simple boron and nitrogen vacancies (Vg and Vn in solid lines)
and their hydrogenated complexes (dashed lines) are shown. The positive and negative
slopes indicate positively and negatively charged states. Note that the entire range of
Fermi energies is not realistically accessible (e.g. the conduction band edge of hBN is
close to the vacuum level): it is estimated to be 1-2 eV above the valence band edge
since WSe; exhibits p-type conductivity,*! as marked by the aligned WSe; bandgap in the
same figure. The equilibrium pn can be determined to be close to the N-poor condition if
we assume hBN defects are created during WSe> growth, with the lowest defect
formation energy at ~3 eV. Along with additional defects formed during exfoliation, the
above estimates suggest that um orders of defect densities are achievable by B and N
vacancies in the hBN substrate before growth, leading to the same order of saturated

nucleation densities during WSe, growth.
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Figure 5-6. (a) Equilibrium defect concentration for a point defect with formation
energies between 1.5 and 2 eV, as a function of temperature: a defect needs to have a
formation energy in this range to achieve concentrations on the order of pm at 800 €.
(b) Defect formation energy for N and B vacancies under N-rich and N-poor conditions,
considering bare vacancies (solid) and hydrogen-passivated ones (dashed). The orange

energy range marks the calculated WSe, bandgap aligned with that of hBN.

5.6 TEM Investigation

To further probe the role of defects in nucleation and orientation, samples were
prepared using hBN flakes transferred directly onto the TEM grid and then exposed to W
species only in the gas source CVD system using a 30 s pulse of W(CO)e at 800 €. The
defect-assisted nucleation model described previously predicts the presence of an
interstitial transition metal “glue” atom at the single atom vacancies on the hBN surface
which controls the nucleation and orientation of the TMD on the point defect site.?® The
same defect-mediated distinction between 0/180%stacking in WSe> calculated from DFT

using an 8 x8 hBN + 6 <6 WSe; supercell is 0.90 eV, where the “eclipsed”
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configuration®® (top and side view in Figure 5-7a) is more stable; the “staggered”
configuration?® that would nucleate a domain with inverse orientation is unfavorable and
suppressed. Compared to Figure 5-7b, which shows the bare ultra-thin hBN flake with
surface defects of one kind (Vs or V), the HAADF-STEM image after W exposure in
Figure 5-7c¢ (done by Fu Zhang, Penn State) shows a single W atom stably trapped on the
hBN surface at a single vacancy site. Furthermore, direct growth of tiny WSe, domains
on the hBN on a TEM grid was carried out under 30 s nucleation and 5 min ripening. In
the corresponding STEM image shown in Figure 5-7d (done by Fu Zhang, Penn State), a
brighter imaged defect is visible which is consistent with the glue W atom between WSe>
and the underlying hBN. The WSe, domain also has inevitably formed defects such as
Vse and Vseo. In all of the WSe, domains examined, the glue W atoms appear within 3-5
nm of the center of the domain. This offset from the exact domain center likely arises
from the fact that during the very early stages of growth, the domain may not grow at the
same rate in all directions due to differences in edge stability and variations in precursor
flux. To further test if the imaged glue W atoms are interstitials trapped at substrate
defects instead of adatoms on top of WSe>, we compare the energy landscape of W atoms
on WSe> with typical knock-on energies from the imaging electron beam. Using nudged
elastic band calculations at the DFT level, the migration barrier of a surface W adatom is
found to be 0.4 eV (between the ground state at the metal site and the metastable state at
the hollow site, as shown in Figure 5-7¢) (done by Yuanxi Wang, Penn State); the
migration barrier of a W adatom between WSe; and pristine hBN should be similar
(according to similar migration barriers for metal adatoms on monolayer TMDs and

inside bulk TMDs).*? Assuming relativistic binary collisions, the 80 keV electron beam
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can transfer up to 1.0 eV kinetic energy to a W atom, sufficient for a surface adatom to
hop between lattice sites. In addition, metal atom migration on TMDs has been
previously reported under similar imaging conditions (80 keV).*® Since hopping events
were not seen over the duration of 10 min during STEM scanning, the imaged point-
defects are unlikely to be mobile adatoms or interstitials and are likely trapped

interstitials at vacancy sites in the hBN substrate.



122

(a) Top view Side view

OW 05 oN o5 @ Guw

o
w

o
[N

Energy (eV)

o
g

Reaction Coordinate
Figure 5-7. (a) Top and side view of the relaxed DFT structure of a W interstitial atom
(red) sandwiched between pristine WSe and a boron vacancy in hBN. (b) HRTEM
images of monolayer to multilayer pristine hBN at 80 kV with a monochromated electron
source; the intrinsic vacancies in BN is mostly V' on the surface, which is also shown at
the other side of the step edge. (¢) HAADF-STEM image of a single W atom trapped at
hBN surface after seeding process (30 s of W(CO)e flow at 800 <€), the overlay on the
plot is the corresponding imaging intensity near the single W atom. (d) HAADF-STEM
image of a brighter imaged defect indicating the glue W atom between WSe; and the
underlying BN (red, top right). The WSe2 domain also has inevitably formed defects such
as Vse and Vse2 (green, bottom right). (e) The migration barrier of a W adatom on a WSe>
surface between the ground state at the (Metal) site and the metastable state at the

(Hollow) site is 0.4 eV from a nudged elastic band calculation.
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5.7 Controllable Nucleation via Defect Formation and Annealing

5.7.1 He plasma treatment

The fact that WSe nucleation is determined by point defects on the hBN surface
motivates a defect-assisted growth mechanism for vdW epitaxy whereby the nucleation
density can be controlled by manipulating surface defect density. In order to test this, He
direct plasma treatment at a RF power of 50 W was employed to intentionally introduce
surface defects on the hBN/sapphire substrates. Figure 5-8 shows the SEM images of
WSe, grown with 30 s nucleation and 10 min ripening on pristine hBN, hBN treated by 1
s He plasma, and hBN treated by 15 s He plasma, respectively. The short 1 s plasma
treatment has already created a large number of defects on the hBN surface that
significantly increases the WSe, domain density while still maintaining the epitaxial
growth. Similarly, STEM results also show a consistently increasing density of glue
atoms trapped at the defective surface which act as seeding sites (Figure 5-9 done by Fu
Zhang, Penn State). Note that W atoms are always trapped at one set of BN lattices where
either Vg or VN forms, supporting the result of the single preferred orientation growth of
WSe2 domains. The distribution of WSe, domains on hBN becomes more uniform
(Figure 5-10) at the same time indicating that the defects were created uniformly across
hBN, when compared to the pristine case where additional defects could form during the
mechanical exfoliation. However, the WSez domains also start losing the character of
single preferred orientation after the 1 s plasma treatment, possibly because both B and N
single atom vacancies were created simultaneously during the plasma treatment. Longer

plasma treatment can further increase the nucleation density but also heavily damages the
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hBN surface and introduces other structural defects that results in island growth

(multilayer domains) and loss of epitaxy in Figure 5-8.
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Figure 5-8. SEM images from left to right showing WSe> grown on pristine hBN, hBN
treated by 1 s He plasma at 50 W, and hBN treated by 15 s He plasma at 50W

respectively.

5s He* treated hBN

Figure 5-9. HAADF-STEM image of W and Se atoms trapped at hBN surface after
growth process (with 5 s He plasma treated BN substrate), the overlay plots are the

corresponding imaging intensity near the single W (blue) and Se (orange) atoms;

respectively.
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Figure 5-10. WSe> grown on 5 s He plasma treated hBN surface under 30 s nucleation
and 10 min ripening showing that the distribution of WSe, domains on hBN becomes

more uniform.

5.7.2 NHs annealing

In order to controllably create single atom vacancies of only one element, the
plasma treated hBN surfaces were further annealed in NHz at 1100 <€ for 30 min to
reduce the concentration of N single atom vacancies. In this case, most of the N
vacancies should be healed and B vacancies should be the majority on the hBN surface.
Figure 5-11 shows SEM images of WSe> grown with 30 s nucleation and 10 min ripening
on three types of hBN: hBN annealed in NHs, hBN first treated by 1 s He plasma at 50 W
then annealed in NH3, and hBN first treated by 5 s He plasma at 50W then annealed in

NHas. All annealings were performed at 1100 €€ for 30 min. When compared to WSe>
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grown on pristine hBN, both domain density and percentage of major domain orientation
decrease for WSe> grown on the NHz annealed hBN surface (Figure 5-12a and 5-12b).
Native B and N vacancies should exist on pristine hBN while N single atom vacancies
are expected to be the major native defects due to their lower formation energy.*4* By
healing most of N vacancies during the NH3 annealing, the total single atom vacancy
density decreases, resulting in a decreased density of WSe, domains. However, not all N
vacancies are expected to be healed and some N vacancies can even reform under the
high temperature (800 <€) and Hz-rich environment during the WSe, growth process. In
this case, the similar density of N and B vacancies results in the inverse orientations and
thus decreases the percentage of major domain orientation. It is also possible that N
antisite defects (N sitting on B vacancy) could form under NHz annealing, however we
do not observe a distinctive peak at ~ 623 nm in the room temperature
photoluminescence spectra (Figure 5-13) of the NHz annealed WSez/hBN sample which
is associated with antisite defects.*® Consequently, the decrease in nucleation density is
likely not related to a decrease in B vacancies via formation of antisite defects during the

NHs annealing process.
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Figure 5-11. SEM images from left to right showing WSe grown on hBN annealed in

NHz at 1100 <€ for 30 min, hBN first treated by 1 s He plasma at 50 W then annealed in

NHz at 1100 <€ for 30 min, and hBN first treated by 5 s He plasma at 50W then annealed

in NH3z at 1100 °C for 30 min respectively.
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Figure 5-12. (a) Measured percentage of major domain orientation of WSe, domains

grown on hBN surfaces under different treatment. (b) Measured nucleation density of

WSe> domains grown on hBN surfaces under different treatment.
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Figure 5-13. Room temperature PL spectrum of WSe,/ hBN sample annealed in NH3 at

1100 <€ for 30 min in the region where emission from N antisite defects is expected.

In comparison, on the hBN surface that was first treated by 1 s He plasma then
annealed in NHz, both domain density and the percentage of major domain orientation
WSe: increase due to the additional B single atom vacancies formed at the hBN surface
from the plasma treatment (Figure 5-12a and 5-12b). By further increasing the plasma
treatment time to 5 s, a 95% major orientation (Figure 5-12a) and ~0.9 um2 domain
density (Figure 5-12b) can be achieved. Ideally, 100% single orientation can be
approached by further removing steps, wrinkles and other defects in the hBN and
suppressing N vacancy formation with in-situ NHz annealing. This defect-assisted
nucleation introduces a useful way to control both the density and orientation of nuclei

when establishing vdW epitaxial growth.
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5.8 Coalesced Monolayer of WSez on hBN

5.8.1 Lateral growth of WSe2 domains

Once the nucleation density of WSe> on hBN has been controlled, the growth rate
of the WSe> domains on hBN can be determined for a particular set of growth conditions
by varying the lateral growth time. In this case, the hBN surface was only treated with
NHs annealing to minimize the density of domains for better observation. The area of
individual WSe, domains (Figure 5-14a) and the overall surface coverage of WSe;
(Figure 5-14b) increase linearly as the lateral growth time is varied from 10, 15, 30, 60 to
90 min. This indicates that the precursors likely contribute to lateral growth of existing
monolayer domains, rather than nucleating new domains, which is consistent with
observations from atomic force microscopy (AFM) images (Figure 5-14d). It is worth
noting that the measured growth rate for WSe> monolayers on hBN (~0.35
monolayers/min) is only a quarter of that observed for WSe> on sapphire (~1.3
monolayers/min),? even though a higher W(CO)s flow rate (6.1 <10 sccm) was used
during the lateral growth step when growing on hBN. This is likely due to the lower
sticking coefficient and higher surface desorption rate of precursors on hBN compared to
sapphire. In comparison, a similar W(CO)s flow rate (6.8 <10 sccm) results in a high
nucleation density on sapphire and a multilayer film can be achieved in 30 min.*’ This
further validates the defect-controlled mechanism of WSez nucleation on hBN. With
appropriate nucleation density of WSe; achieved by plasma treatment and NHz annealing
on hBN, continued lateral growth of the initial domains eventually leads to coalescence

into a continuous monolayer film. Figure 5-14c¢ shows a SEM image of a fully coalesced



130

monolayer WSe; film on an hBN flake. The dark triangular domains in Figure 5c are
additional bilayer domains of WSe>. These bilayer domains possibly arise from additional

nucleation at intrinsic defects in the WSe2 monolayer.
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Figure 5-14. (a) WSe2 monolayer domain area on hBN as a function of lateral growth
time. The slope shows a linear growth rate of 7.5 <102 nm?/min. (b) WSe, monolayer
coverage on hBN as a function of lateral growth time. The slope shows a linear growth
rate of 0.58 %/min. (c) SEM image of coalesced monolayer WSe; film on hBN. (d) AFM
images of WSe, grown on NHz annealed hBN surfaces under 30 s nucleation time, 10
min ripening time and varied lateral growth time for 15, 30, and 60 min. The results show
the increasing WSe, domain size with lateral growth time without any additional

nucleation.
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5.8.2 Epitaxial relationship between WSez and hBN

To further validate and understand the epitaxial relationship between WSe; and
hBN, a fully coalesced monolayer WSe> and its underneath substrate hBN flake were
transferred onto a TEM grid together for STEM study (done by Fu Zhang, Penn State).
Figure 5-15a shows an atomic resolution HAADF-STEM image of WSe, on hBN. The
Moirépatterns of the WSe2/hBN region and the hexagonal crystal structure of the hBN-
only region at the edge indicate an epitaxial growth of monolayer WSez on hBN. The
selected area electron diffraction (SAED) pattern of the film shown in Figure 5-15b
identifies the in-plane epitaxial relationship as (1100) WSe; || (1100) hBN with 0=
misorientation. Based on the Moirépatterns and the lattice constants of WSe; and hBN,
the mismatch can be reduced to 1.5% for 3 <3 WSe; unit cells on 4 <4 hBN (schematic

in Figure 5-15c).
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Figure 5-15. (a) Atomic resolution HAADF-STEM image showing the Moirépattern of
WSe, on hBN. (b) SAED pattern showing the epitaxial relationship between WSe; and

hBN. (c) Schematic illustrating 3 <3 WSe; unit cells on 4 <4 hBN.
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5.8.3 WSe2/hBN vdW interface

Cross-sectional TEM was also performed on a coalesced WSe2/hBN sample to
further understand the interface between WSe> and hBN (done by Fu Zhang, Penn State).
A region that contained a tri-layer domain of WSe, was selected to clearly distinguish the
interlayer spacing. In Figure 5-16a, the regions of hBN, WSe, and the carbon protection
layer can be distinguished by the crystal structure and interlayer distance. The first layer
of WSe; shows the highest intensity since it is a fully coalesced monolayer that spans the
entire sample thickness while the second and third layers which are from a portion of an
isolated domain have lower intensity. A clear and sharp interface between WSe; and hBN
indicates vdW epitaxy occurs with no additional passivating layer. This is different than
growth of WSe> on sapphire where an extra Se passivating layer and strong WSe,-
substrate bonding at step edges on the sapphire surface were found.® In addition, a
variation of interlayer distance at the WSe>/hBN interface was also observed. Figure 5-
16b depicts the intensity profile of the red dot line section in Figure 5-16a. Based on the
intensity profile, the interlayer spacing of hBN-hBN and WSe>-WSe> were measured as
0.33 nm and 0.67 nm, respectively. The spacing between WSe2/hBN, however, was
measured as 0.49 nm, which is nearly identical to the arithmetic mean of the hBN-hBN
and WSe,-WSe; spacings. This is consistent with the 0.51 nm hBN-WSe> spacing
calculated from DFT (including the DFT-D3 vdW correction, done by Yuanxi Wang,
Penn State), and with the usual arithmetic mean used for the vdW radii combination rule
in empirical forcefield construction, i.e. Rj;= (Ri +R;)/2 analogous to a hard-sphere

model.*84°
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Figure 5-16. (a) Cross-sectional HRTEM image of the WSe; film on hBN showing a
clear WSe; and hBN interface. (b) Intensity profile of the red dot line in (e) showing the
interlayer spacing of hBN-hBN, hBN-WSez, and WSe2-WSe; are 0.33 nm, 0.49 nm, and

0.67 nm respectively.

5.9 Enhanced Optical and Transport Properties

5.9.1 Photoluminescence properties of coalesced WSe:

5.9.1.1 Room temperature PL and mappings

PL spectroscopy is an effective way to optically probe exciton-related emission
and defect states in semiconducting TMDs.>*5! Figure 5-17a shows the PL spectra of
coalesced WSez/hBN/sapphire and WSez/sapphire samples grown under identical
conditions using the same power of 488 nm laser excitation. The results show an over 50
xenhancement in PL response for WSe>/hBN compared to WSez/sapphire. In addition,

the 1.65 eV PL peak position is uniform across the 5 x 5 ym measured area from the
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WSe>/hBN as shown in Figure 5-17b. In contrast, the PL peak position varied from 1.58
eV to 1.64 eV across the WSez/sapphire sample. This improvement can be attributed to
the screening effect of the hBN substrate which suppresses the effects of charged
impurities and substrate phonons thereby preserving the intrinsic properties of
WSe,.17525% In comparison, the WSe; film on sapphire is affected by several factors
including strain and substrate steps, which lead to non-uniformity in PL peak position and
a decrease in PL intensity.

eV
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( b) WSe,/BN WSe,/sapphire

—
QO
e
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1.64

1.62

Intensity (a.u.)

1.60
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150 155 160 165 1.70 1.75 1.80
Energy(eV)

Figure 5-17. (a) PL spectra showing an over 50 <enhancement in intensity for
WSe2/hBN compared to WSez/sapphire. (b) 5 pm x5 pm PL maps of coalesced
WSe2/hBN showing a uniform PL peak position at 1.65 eV (top) compared to varied

peak positions ranging from 1.58-1.64 eV for coalesced WSez/sapphire (bottom).

5.9.1.2 Low temperature PL

To further investigate and compare the optical properties of monolayer
WSe,/hBN and WSe»/sapphire, we acquired a series of temperature-dependent PL spectra
from 300 K to 80 K (Figure 6¢ and 6d, respectively). All the low temperature PL in this

chapter was carried out by Tianyi Zhang in Mauricio Terrones’s lab at Penn State. At
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higher temperature (above 200 K for WSe2/hBN, and above 240 K for WSe>/sapphire),

the PL spectra exhibit a symmetrical single-peak, indicating the dominance of neutral
exciton (X% emission in the higher temperature regime.>* With the decrease of
temperature, a low-energy shoulder emerges in the PL spectra for both samples, which
can be assigned as negative trion (X°) emission with a trion binding energy (Ex-) ~ 30
meV. Remarkably, in the case of WSez/hBN, the X° and X" peaks significantly sharpen
and enhance at low temperatures, resulting in clearly resolved exciton emission (FWHM
= 18.6 meV) and trion emission (FWHM = 38.5 meV) at 80 K (Figure S7). The FWHM
values of both the exciton and trion emission are comparable to the emission spectra at 77
K>! and 4 K> reported for WSez/hBN heterostructures formed by exfoliation from bulk
single crystals. This indicates that the optical properties of monolayer WSe grown by gas
source CVD on hBN in this work are comparable to that of single crystal flakes,
especially considering that the reported samples either consisted of WSez encapsulated in
between two hBN flakes (removing the impact of the environment)®* or were
characterized at lower temperature (further reducing linewidth broadening by reducing
phonon scattering).>®® In addition, no obvious defect-bound exciton (X&) emission was
observed in the monolayer WSe2/hBN sample, indicating that the crystalline quality of
WSe;, was high when compared to other CVD processes.*

In contrast, the WSe> film grown on sapphire exhibits broader PL emission at
temperatures ranging from 80 K to 300 K. A broad X peak emerges in WSez/sapphire at
temperatures below 160 K, causing the asymmetrical lineshape of PL emission. The
fitting results of temperature-dependent PL emission peak position for both samples are

plotted in Figure 6e and 6f, which also indicate the consistent X° and X~ emissions of
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WSe; on hBN at different temperatures, and the emergence of X® emissions from WSe;
on sapphire at low temperature.

The narrower PL linewidths and negligible XB emission for WSe,/nBN compared
to WSez/sapphire may be attributed to two factors: (1) The direct synthesis on the
atomically-flat hBN surface which leads to a higher crystal quality monolayer WSe; film
that contains less defects and IDBs, thus decreasing emission from optically-active defect
states; and (2) WSez grown on sapphire suffers from the substrate-induced charge
doping,>® which leads to the inhomogeneous broadening of excitonic emissions. By in-
situ synthesizing WSe2 on hBN, the interaction between charged sapphire and WSe; can
be isolated by the hBN flake, allowing access to the intrinsic optical quality of as-grown

WSe, films.5"8
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Figure 5-18. (a)-(b) Temperature-dependent PL spectra of WSe2/hBN and
WSe>/sapphire under 488 nm laser excitation, respectively. The measured temperature
ranges for both samples are from 80 K to 300 K. (c)-(d) Plots of fitted PL emission peak

energy of WSe>/hBN and WSez/sapphire versus temperature, respectively.
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Figure 5-19. Deconvoluted PL spectra of WSe>/hBN and WSez/sapphire at 80 K. The

deconvoluted spectra were acquired by performing multipeak Lorentzian fitting using

three peak components: neutral exciton (X°), trion (X°) and defect-bound exciton (XB).

5.9.2 Transport properties of coalesced WSe>

To characterize the electrical properties of both the WSe> grown on sapphire and
on hBN, the films were removed from the sapphire substrates and transferred onto 100
nm SiOz on p** Si substrates. All the device fabrications in this chapter were carried out

by Daniel Schulman at Penn State. Back gated FETs (BGFETSs) with a channel length
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(Lcn) of 1 pm and width (W) of 5 pm were fabricated as shown schematically in Figure
5-20a and 5-20d, respectively. Note that for the growth on hBN, the entire WSe2/hBN
stack was subsequently transferred. In this case, the hBN thickness has been verified as
~10 nm by AFM. Figure 5-20b and 5-20e, show the transfer characteristics i.e. drain
current (Ips) versus back gate voltage (Vsg) for different drain voltages (Vbs) and Figure
5-20c and 5-20f show the output characteristics i.e. Ips versus Vps for different Vg for
BGFETs based on WSe> grown on sapphire and hBN, respectively. Clearly, ambipolar
transport i.e. the presence of a prominent electron branch current for Ves > 0 V and hole
branch current for Ve < 0 V are observed for BGFETs based on WSe; grown on
sapphire as seen in Figure 5-20b. This ambipolar transport is a result of the contact metal
(in this case Ni) Fermi level being pinned near the center of the WSe; bandgap allowing
injection of electrons and holes into the conduction and the valence band, respectively,
through the corresponding Schottky barriers.>® However, since carriers must tunnel
through relatively large Schottky barrier heights which are almost half the bandgap
energy of WSe;, the corresponding contact resistances for both electron and hole
injections are large, limiting the ON state current as seen in the rectifying type behavior

in Figure 7b. The field effect mobility extracted in the ON state from the peak

dlps L : . . . .
transconductance, ppg = Wﬁﬁ is severely underestimated in devices with
GS “G DS

Schottky barrier contacts.®® For WSe, grown on sapphire, a contact limited electron e
of ~0.3 cm?/V's was extracted (Figure 5-21a).%° The devices are slightly n-type with an
electron to hole current ratio of ~100:1 indicative of Ni Fermi level pinning closer to the

conduction band. Note that although in the literature there are reports of WSe; FETs with
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higher ON state currents and larger electron and hole kg, these tend to use contact
strategies engineered towards achieving primarily n-type or p-type devices at the expense

of ambipolar characteristics which is achieved with the Ni contacts used in this work.®1-63
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Figure 5-20. Electrical FET characterization of transferred WSe; and transferred
WSez/hBN on SiO2/p*™ Si. Schematic showing a back gated WSe; FETSs (a) directly on
100 nm SiO2 and (d) on 10 nm hBN on 100 nm SiO2 on p** Si with Ni contacts. (b,e)
Drain current (Ips) versus back gate voltage (Veg) at various drain voltages (Vps) with

step of 0.2 V and (c,f) Ips versus Vps at various Vg with step of 2.5 V for WSe; on SiO>

and on hBN/SiOg, respectively.
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Figure 5-21. Mobility extraction for WSez on SiO2 and hBN/SiO.. (a,b) The field effect
mobility (ugg) versus Vee at Vps = 1.8 V and Vps = -1.8 V for WSe; on SiO2 and on

hBN/SiO>, respectively. The mobility is derived from the peak transconductance method

where ppg = 225 __LeH__ £or\WSe, on SiO2, the mobility (ipg = 0.2 cm?/V-s) is
0Vgs Cqc WVps

extracted from the reverse sweep direction (negative to positive Vgg) since interface trap
discharging obscures the forward sweep characteristics. For WSe. on hBN/SiOz, the large
contact resistance causes the extracted pgg to decrease when Veg < -43 V. Hence, the
peak mobility of 4.2 cm?/V-s is contact limited, underestimating the true hole mobility of

the material.

For BGFETSs based on WSe> grown on hBN, there is no observable threshold
shift, confirming the growth on hBN has not induced any significant substrate doping
effect. While the electron branch currents are similar to those on SiO», a dramatic 3

orders of magnitude increase in the hole branch currents is observed. This cannot be
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attributed to a simple change in the Fermi level pinning since an increase in the hole
branch current would be accompanied by a decrease in the electron branch current. We
hypothesize this hole branch improvement is due to a combination of factors. Part of the
current increase can be attributed to an increase in the hole mobility, due to both a
reduction in the IDBs as well as reduced interface scattering from the hBN versus SiO>
interface. It is well known that hBN encapsulation of 2D materials improves the mobility,
often by orders of magnitude, and reduces the interface states which can cause device
hysteresis and degraded subthreshold slopes.®4® Second, since the WSe; is monolayer,
the hBN substrate may influence how the WSe; hybridizes with the Ni contact in such a
way that hole injection has been facilitated. The charge injection from the contact into the
WSe; can occur through a combination of many mechanisms and strongly depends on
interface with the metal contact.®” We notice these results are contrary to recent reports
which show devices on hBN have reduced hole branch currents compared to on SiO2.%
The hole LEe extracted from these devices was 4.2 cm?/V-s (Figure 5-21b); however, this
is likely contact limited since the Ips versus Vps characteristics in Figure 5-20f show
rectifying type behavior.®° These results demonstrate that WSez growth on hBN is an
effective means to improve the hole transport characteristics and tune FET devices to be

ambipolar or p-type.

5.10 Conclusions

This chapter demonstrates a defect-controlled nucleation and orientation process

for controllable epitaxial growth of single crystal WSe> monolayers on single crystal hBN
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flakes. By appropriate plasma treatment and NH3 annealing, the density of single atom
vacancies on the hBN surface, and consequently the nucleation density of single oriented
WSe;, can be controlled. The mechanism of this defect-controlled 2D heterostructure
growth was investigated through first principles calculations and TEM characterization.
A single crystal monolayer film was eventually achieved via coalescence of the initial
domains with extended growth time. PL and electrical measurements show enhanced
optical and transport properties, respectively, for the monolayer WSe; film grown on
hBN compared to sapphire. Considering that wafer-scale single crystalline hBN has
recently been demonstrated through a CVD method employing a liquid gold substrate,°
this research clearly shows the potential of hBN as a substrate or template layer for

epitaxial growth of high quality single crystal monolayer TMD films.
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Chapter 6

Low Temperature Growth of Layered Metal Chalcogenides via Metalorganic
Chemical Vapor Deposition

6.1 Motivation

2D materials and especially two-dimensional transition metal dichalcogenides
(2D-TMDs) have attracted wide interest because of their potential performance and
diversity of function as electronic materials. The majority of these efforts have focused
on TMDs such as MoS; and WSe,, which offer the prospect of ultra-thin channel regions,
high on/off ratios and moderate carrier mobilities. However, growth of transition metal
dichalcogenides (TMDs) typically requires high temperatures (>700°C) for large domain
size and epitaxy. This restricts the applications of these materials, especially considering
the growing interest in 2D materials integration with silicon in back-end-of-line (BEOL)
applications and 3D fabrication and integration in flexible electronics that require
processing temperature < 450°C. Although low-temperature (400 °C) large area WSe>
film can be obtained via metalorganic chemical vapor deposition (MOCVD) as discussed
in the first part of this chapter, the nanocrystallinity of the films and lack of epitaxy result
in limited performance in transport properties with field effect mobility of ~0.01 cm?/Vs.!
Consequently, TMDs which are “high temperature” materials are not ideal candidates for

2D materials integration using direct deposition approaches.

Instead, there are rising interest in other 2D layered materials, especially in group
I11A and group IVA metal layered chalcogenides, which also offer intriguing physical

and electronic properties in addition to their typically low melting temperature under
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900 °C (Table 6-1). Recent reports have already shown promising results regarding this
sort of 2D metal chalcogenides. For example, room temperature carrier mobilities ~1000
cm?/Vs for FETs fabricated using exfoliated flakes y-InSe with hBN-encapsulation.??
Fast photoresponsivity within the millisecond level has been demonstrated in both a-
In2Ses flakes and B-1n2Ses single domains.*® In addition, room temperature in-plane and
out-of-plane ferroelectricity has been be explored in a- and B-In,Ses.®° Considering the
low melting temperatures of all these materials, depositing crystalline and high quality
films are more feasible at lower temperature which is suitable for BEOL or flexible
electronic applications. In the second part of this chapter, a scalable metalorganic
chemical vapor deposition (MOCVD) growth of epitaxial B-In.Ses film on both c-plane
sapphire and Si (111) substrate under 400 °C with thickness control down to 5 nm is
demonstrated. The relatively high crystalline film grown at low temperature should

enable the development future phase-change memory and photoelectronic application.
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Material T :(°C) Eg (eV)
Bi,Te;, 580 0.13
Bi,Se; 710 0.30
y-InSe 618 1.26

B-In,Se; 888 2.1
GaSe 937 2.1

2H-SnSe, 656 1.01

2H-SnS, 870 217

2H-MoS, 1185 1.23 (bulk)

2H-WSe, 1500 1.3 (bulk)

Table 6-1. Melting temperatures and bulk bandgap energies of selected layered

chalcogenides.

6.2 Low Temperature Growth of WSez Films

6.2.1 Growth condition

The WSe: thin films were grown on thermally oxidized silicon substrates with 50
nm SiO- using gas source MOCVD system with precursors tungsten hexacarbonyl
(W(CO)s) and dimethyl selenium (DMSe). The substrate was heated to 300 °C in H» for
10 mins as a pre-cleaning step. Then the substrate temperature was increased to 400 °C.
After the temperature was stabilized, 10 sccm of H2 passed through tungsten
hexacarbonyl (W(CO)s) bubbler held at 30 °C and 730 Torr which resulted in 6x10*
sccm of W(CO)s out of the bubbler and 12 sccm of H; passed through dimethyl selenium
(DMSe) bubbler held at room termperature and 760 Torr which resulted in 3.6 sccm of

DMSe out of the bubber. This also leads to a large Se:W ratio of 6300:1. A total flow rate
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of 450 sccm of Hz was used and the reactor pressure was maintained at 700 Torr during

the growth.

6.2.2 Device Fabrication

The plasma etching and the device fabrication of low-temperature WSe; was done
by Yiyang Gong at Penn State.'® Plasma etching with O, was used to pattern WSe;
device areas and to modify film thickness. 100 sccm O gas flow was used with the
pressure and dc self-bias maintained at 100 mTorr and -100 V, respectively. No volatile
species are formed and the etching is mainly attributed to the physical bombardment of
oxygen ions, so the etch rate is as low. For the conditions reported here the etch rate for

WSes is ~0.25 nm/min.

Arrays of thin film transistors (TFTs) with bottom gate or top gate structures were
fabricated using WSe: films grown on oxidized silicon wafers. To fabricate bottom gate
TFTs, the WSe> film was patterned using photolithography and CF4/Ar plasma etching.
For some samples, the patterned WSe> channels were further thinned using O plasma
etching. Next, 50 nm thick Au source and drain contacts were deposited by evaporation
and patterned by photolithography and lift-off. A layer of 50 nm Al>O3 was then
deposited at 200 T by plasma enhanced atomic layer deposition (PEALD) using
trimethyl aluminum and carbon dioxide as precursors. To reduce the contact resistivity,
the completed devices were annealed in vacuum at 150 <C for 10 hours before

measurement. For the top gate TFTs, 100 nm Ti was deposited and patterned by
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photolithography and lift-off to form gate electrodes on top of the encapsulation layer of

the bottom gate TFTs. For these devices the Al>Os layer is used as the top gate dielectric.

6.2.3 Film morphology

Under the low temperature regime, MOCVD growth is typically limited by
reaction kinetics and therefore the growth is sensitive to substrate temperature. We have
tested the growth of WSe; using W(CO)s and DMSe as precursors starting from 300 °C.
Below that temperature, no growth happens possibly due to the thermodynamic limit of
precursor decomposition, in this case, most likely to be the DMSe. Figure 6-1a shows an
SEM image of the continuous WSe> film grown on the oxidized silicon wafer under
400 °C. At this growth condition, no triangular domains are observed and only numerous
particle-like domains with typical size < 20 nm are covering the whole surface without
any epitaxial signature. This is expected as surface diffusion is significantly limited at
low temperature and only nanocrystalline WSe; can be formed. Figure 6-1b shows the
Raman spectrum of the WSe; film measured using the 532 nm wavelength laser source.
The existence of WSe in the 2H phase is confirmed by the observation of a single peak
around 250 cm™%, which consists of the degenerate E»q and Axq peaks standing for the in-
plane and out-of-plane modes.'"* Atomic force microscopy was used to characterize the
thickness and surface roughness of the WSe: films. Figure 6-1c shows an AFM image
taken at a scratched boundary (by plastic tweezer) of a ~3 nm WSe; film. The thickness
of the film is estimated as the height of the step using the cross-section profile. Note that

even though the film presents as nanocrystalline, the film RMS roughness is relatively
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low as ~1.0 nm. In addition, a steady linear relationship between film thickness and
growth time is achieved under this condition as shown in Figure 6-1d. In the first stage,
from 0 to 10 mins, the growth shows a delay in the first 10 min possibly due to the initial
nucleation of WSe> on the oxidized silicon wafer. From 10 to 30 mins, the growth rate is

linearly around 0.3 nm/min.
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Figure 6-1. (a) SEM image of continuous WSe; thin film on SiO>/Si substrate. (b)
Raman spectrum of ~3 nm WSe; thin film. (c) AFM image of 3 nm thick WSe: thin film.

(d) WSe; film thickness as function of growth time.
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6.2.4 Device characterization

To investigate the electrical properties of the low-temperature MOCVD WSe>
films, arrays of TFTs were fabricated using 6 nm and 3 nm thick as-grown WSe; films.
Figure 6-2 shows schematic and optical images of double gate WSe> TFTs (these devices
have both top and bottom gates). The WSe, TFT channel width varies from 10 pm to 200
pm and the channel length varies from 2 pm to 50 pm. Figure 6-3a shows the Ip-Vps
characteristics of a TFT with 6 nm thick WSe, and 20/10 pm channel width/length. In the
measurement, the drain-to-source voltage is swept from 0 V to -30 V, and the top gate
voltage varied from 10 V to — 30 V in steps of -10 V. P-channel behavior and well-
defined drain current saturation can be observed. The on-off current ratio is ~100. The
high off state current (~1.1><10® A when Vps=-10 V) indicates that the conductivity of
the 6 nm WSe; film is high and that thinner films should be used for lower off state
current and higher on-off ratio. Figure 6-3b shows the Ip-Vps characteristics of a TFT
with 3 nm thick WSe> film and 200/5 pm channel width/length. In this measurement, the
drain-to-source voltage is swept from 0 V to 15 V, and the bottom gate voltage is varied
from -10 V to 30 V in steps of 10 V. The device has high resistance and only weak n-

channel behavior, with maximum drain current lower than 10° A.



163

100 pm
—

Figure 6-2. (a) Cross-section and (b) optical microscopic image of a double gate WSe;

TFT. (c) Array of WSe; TFTs.
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Figure 6-3. Ip-Vps characteristics of WSe, TFTs using as-grown film. (a) Top gate TFT

with 6 nm thick channel and (b) bottom gate TFT with 3 nm thick channel.

To further understand the thickness dependent electrical properties of the
MOCVD WSe; thin films, TFTs were fabricated with a 6 nm thick WSe; film thinned to
3 nm using oxygen plasma etching. Figure 6-4a shows the Ip-Vps characteristics of TFTs
with channel length/width = 2/200 pm and 50/200 pm, respectively. The on-off ratio of

the device is improved to greater than 10* while the off state current is limited to below
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101t A. Figure 6-4b shows the Io-Vps characteristics for Vps = -3V and -20V. The linear

region differential field effect mobility is extracted using

where L and W are the length and the width of the channel, C is the unit area capacitance
of the gate dielectric, and Vp is the drain-to-source voltage. When Vg =-35 V and Vps = -
20 V, the extracted field effect mobility is ~0.01 cm?/Vs. The turn-on voltages for Vps = -
3V and Vps=-20 V are ~5 V and ~0 V, respectively. The devices have significant
hysteresis, possibly due to a high trap density in the WSe; film or at the WSez/dielectric
interface. Though further investigation is needed to understand the significant difference
in device performance between as-grown 3 nm thick WSe, and plasma thinned 3 nm
thick WSe, our results demonstrate that plasma etching provides an additional degree of

freedom to modulate the electrical properties of CVD WSe thin films.
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Figure 6-4. (a) Ip-Vps and (b) Ip-V characteristics of WSez TFTs using 3 nm thick RIE

thinned film.
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To estimate the impact of contacts on the device, the resistance of TFTs was
extracted from linear region (Vps = 0.4 V) Ip-Vps characteristics. Figure 6-5a shows the
total resistance, Rtor = Rch + 2 Rc, for TFTs with different channel lengths and for two
gate voltages, where Rcn and Rc represent the channel resistance and contact resistance,
respectively. The resistance of contact and channel for Vg=-10 V and -20 V are shown in
Figure 6-5b. The contact resistance is gate voltage dependent as expected for Schottky
barrier contacts. While both channel resistance and contact resistance decrease as gate
voltage increases from -10 V to -20 V, the contact resistance dominates for Vg = -20 V.
For example, for a TFT with 5 pm channel length, the contact resistance is 68% and 94%
of the total channel resistance when Ve =-10 V and -20 V, respectively. This large

contact resistance significantly limits the performance of these WSe, TFTs.>16
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Figure 6-5. (a) Total resistance extracted from Ip-Vps characteristics of TFTs with RIE
etched 3 nm thick WSe, channel for different channel length (with channel width fixed at
200 pm) and gate voltage (Vps = 0.4 V). (b) Contact resistance and sheet resistance of

channel for Ve=-10 V and -20 V.

6.2.5 Summary

This work demonstrates the fabrication of top gate and bottom gate WSe> TFTs with
hole mobility of ~0.01 cm?/Vs and on-off current ratio > 10*. The mobility of the films is
significantly limited by the contact resistance as well as the nanocrystallinity and non-
epitaxy of the film due to low growing temperature which results in high density of grain

boundaries. Although the performance of the film is not competitive in terms of mobility,
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it still shows the high feasibility of using gas source CVD technique to deposit uniform
large-area films for future large-scale production. It also offers the potential opportunity
for low-temperature growth of TMDs in specific 3D device structure and integration in

flexible electronics.

6.3 Epitaxial Growth of Layered B-1n2Ses Thin Films

6.3.1 Introduction

Beyond 2D TMDs, group 111A-VA metal dichalcogenides are currently being
studied as next generation of 2D materials, especially for their fast and ultrasensitive
photoresponse and their potential in fabrication of new optoelectronic devices.'’ % Aside
from other metal dichalcogenides, In2Ses (both a and  phases) have also demonstrated
in-plane and/or out-of-plane ferroelectricity at room temperature in addition to their
intrigue optical properties,®° which enables further size reduction of ferroelectric devices
and new prospects for nonvolatile switching and manipulation of electrical and optical

properties in a vdW heterostructure.'”

To date, most of studies on layered In,Sez have been achieved using mechanically
exfoliated from bulk crystals. Growth by powder vapor transport (PVT) has also been
explored recently, with some success in producing large single crystal flakes of a- and -
In,Ses on amorphous substrates.>® Although these results are encouraging, the scalable
synthesis of uniform layers and heterostructures remain to be developed and the

stoichiometry and polymorph of In.Ses on specific substrates are still hard to predict and
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control. In addition, epitaxial growth of B-In2Ses has been successfully demonstrated on
single crystal GaSe* and graphene!’ substrate, though these materials from the lab still
have limited availability and a commercial substrate for epitaxial growth of B-In.Ses is
desired. On the other hand, large area and epitaxial growth of 2D TMDs by gas source
CVD/MOCVD has been successfully demonstrated for both high scalability and precise
precursor control.?4?° Besides, group 111 metal precursors (e.g. trimethyl indium,
(CHa)zIn, TMIn) are also available and have been widely used and studied in previous
MOCVD growth of I11-V semiconducting materials. In this case, the large area epitaxial
growth of layered group Il metal chalcogenides by gas source CVD/MOCVD is

potentially feasible.

In this section, we report a large area epitaxial growth of layered p-In,Sesz thin
films by MOCVD. Gas phase reaction between the TMIn and H2Se precursors was
found to occur due to their Lewis acid and base properties, which can potentially affect
the growth. Epitaxial growth has been found on both c-plane sapphire and Si (111),
however different growth modes are observed with island growth on sapphire and step
flow growth on Si (111), respectively. The epitaxial film of B-In2Ses has been further
thinned down to 5 nm by flowing precursor in a pulsed way to minimize the effect of gas
phase reaction. In the end, scalable fabrication of top gate TFTs on centimeter-scale -
In2Ses thin film has been demonstrated with electron mobility of ~1 cm?/Vs and on-off
current ratio > 108 The research shows an important step towards the scalable production

of high-quality B-In2Ses films and functional devices.
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6.3.2 Experimental setup

6.3.2.1 MOCVD growth conditions

B-In2Ses films were synthesized in the same cold wall vertical quartz tube reactor
used for WSe; growth that includes an inductively heated SiC-coated graphite susceptor.
Trimethylindium (TMIn) and hydrogen selenide (H2Se) were used as precursors with
ultra-high purity Hz as the carrier gas. The TMIn was contained inside a stainless steel
bubbler which was held at 20 °C and 730 Torr. Ha carrier gas was passed through the
bubbler at a flow rate of 10-50 sccm which resulted in a TMIn flow rate of 1.5-7.7x<1072
sccm out of the bubbler.3° H,Se flow rate was controlled ranging from 1 to 10 sccm. The
total flow rate of H> through the reactor was maintained at 2000 sccm. 1 cm>1 cm square
c-plane sapphire ((0001) a-Al>03) and Si (111) were used as substrates. All substrates
underwent cleaning process prior to the growth to remove possible contamination and
surface oxide for Si (details in Chapter 2.4). Growth was carried out at a total reactor

pressure of 100 Torr, a growth time of 30 min.

6.3.2.2 Film characterization setup

The surface morphology of the samples was analyzed by atomic force microscopy
(AFM) using a Bruker Dimension Icon Atomic Force Microscope system and field
emission scanning electron microscopy (FESEM) using a Zeiss Merlin instrument. The
thickness of the films was measured by AFM through creating a step with film and

substrate via a soft scratch. Raman and photoluminescence spectroscopy were carried out
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using a HORIBA LabRAM HR Evolution high spectral resolution analytical Raman

microscope with a laser wavelength of 532 nm. A PANalytical MRD diffractometer was
used for high resolution X-ray diffraction (HRXRD) in a triple-axis geometry to identify
the phase of In,Sez and determine the crystalline quality of the films using 6-26 and ®
scans respectively. Also, pole figures were used to determine the epitaxial relationship
between the film and the substrate. In-plane XRD measurements were conducted in the
same PANalytical MRD diffractometer with 5 axis cradle employing Cu K, radiation and
filtering Kp radiation employing Ni filter. The cross-section transmission electron
microscopy (TEM) samples were prepared using a focused ion beam (FIB) technique in
FEI SEM Helios Nanolab 660. High resolution TEM (HRTEM) and scanning
TEM/electron dispersive spectroscopy (STEM-EDS) of the cross-section sample was
performed by FEI Talos F200X microscope with a SuperX EDS detector, operating at

200kV.

6.3.3 Gas phase reaction

In the growth of 2D TMDs, a high chalcogen to metal ratio is typically employed
due to the high volatility of chalcogen at elevated temperature resulting in loss of
chalcogen at the substrate surface if the overpressure is not high enough. In this case,
most growth of 2D TMDs prefers high reactor pressure with high flow rate of chalcogen
precursors to guarantee high partial pressure of chalcogen. Although the desorption of Se
reduces at low temperature, high chalcogen to metal ratio condition is still applicable to

In.Ses growth, considering a significant number of phases with different stoichiometric
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ratios in In-Se phase diagram (Figure 6-6) and high Se ratio is needed in order to achieve
pure 2:3 ratio of In,Ses compound. However, when using TMIn and HzSe as precursors,

a strong gas phase reaction as shown happens,
(CH3)3In + H,Se — (CH3)3In - SeH,

This is possibly due to the Lewis acid (for H2Se) and base (for TMIn) properties of the
two precursors and similar reaction has been reported for TMGa and HzSe.3! This
reaction leads to significant coating on the reactor wall with more runs (Figure 6-7).
Consequently, it also affects the growth rate of the films and ultimately even the phase of
the films. In order to minimize the impact from this gas phase reaction, a low reactor
pressure and high gas velocity were selected to reduce the gas molecule collision and
time before reaching the substrate surface. Fortunately, the relatively low growth
temperature of InoSes also reduces the possibility of Se loss at the surface, enabling the
use of lower HzSe partial pressure and thus further reducing the impact from the gas

phase reaction.
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Figure 6-6. In-Se phase diagram??

Figure 6-7. Significant coating on the reactor wall after a few runs at high pressure and

low gas velocity due to the strong gas phase reaction between precursors.
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6.3.4 Temperature study

As indicated from the phase diagram, In.Sesz compound can also have few
polymorphs under varied temperatures. Among them, only a- and 3-1n>Ses possess the
layered structures.®? Therefore, a temperature study was first carried out at high TMIn
flow rate (7.7102 sccm) to identify the growth temperature window for p-In.Ses. As
shown in Figure 6-8a, the film started forming at 350 <C, with only a few nucleation
particles on the surface. We noticed no growth happen below 350 <C due to the
thermodynamic limit of decomposition of two precursors. In Figure 6-8b, a coalesced
film was achieved at 400 <C and the three major peaks in its Raman spectrum match well
with the E and A peaks of B-1n.Sez from literature, confirming the film is the § phase of
In,Ses.>%333 Further increasing temperature resulted in less coalescence in the film
growth (Figure 6-8c and 6-8d), and only individual domains were found at 500 <C, which
is believed to correlate to high evaporation rate and depletion of the precursors that
results in this significant reduction in growth rate. In this case, we identify the optimal
temperature window for B-InzSes is between 400 <C to 450 <C and 400 <C was selected as

the growth temperature for the following studies.
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Figure 6-8. FESEM images (left) and Raman spectra (right) of p-In.Ses films grown on
c-plane sapphire at (a) 350 C; (b) 400 <TC; (c) 450 <C; (d)500 <C. The flow rate for

TMIn is 7.7x102sccm: for HoSe is 7 sccm.

6.3.5 Se:In ratio study

The effect of Se:In ratio on the film growth rate and morphology was investigated
by two ways: maintaining a constant TMIn flow rate and varying the H>Se flow rate, and

vice versa. By increasing the H.Se flow rate from 1 to 10 sccm at constant TMIn flow
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rate at 7.7>10"2sccm and thus increasing the Se:In ratio from 13 to 130 in Figure 6-9a, all
the films growing on c-plane sapphire were made of triangular pyramid-like domains that
coalesce into each other. This follows the description of island growth model where
surface diffusion is limited compared to fast growth rate. We also noticed the film
roughness reduced by adding more H,Se at low Se:In ratio. This indicates the rich Se
environment assists the diffusion of adatoms at the surface as well as the formation of
pure B-In2Ses. However, the film became less coalesced at high Se:In ratio, likely due to
two reasons: 1) excess Se may occupy surface sites and prevent the growth of B-InzSes;
2) the extreme high flow rate of H2Se results in significant gas phase reaction and wall
deposition and thus depletes some of the TMIn from the gas phase. In either case, the

results indicate the overflow of H2Se will hinder the growth of coalesced B-1n2Ses films.

On the other hand, by decreasing the TMIn flow rate from 7.7>1072 to 1.5%107?
sccm at constant HoSe flow rate of 7 scem (increasing Se:In ratio from 91 to 450) in
Figure 6-9b, the thickness of the films significantly decreased. This follows the
expectation as the amount of metal introduced typically controls the thickness due to their
less-volatile properties. However, the thickness decreased much faster than the flow rate
dropped. The film thickness reduced more than half when the TMIn flow rate dropped in
half, and there was almost no film when the Se:In ratio reached 450. Combined with the
previous observation when increasing H2Se flow, the superlinear decrease in film
thickness is likely due to the gas phase reaction at extreme high Se:In ratio. Therefore,

once the ratio reduced from 450 to 90 by decreasing the H.Se flow rate simultaneously, a
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coalesced film returned with thickness ~10 nm as shown in Figure 6-9c, consistent with

the drop in TMIn flow rate.
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Figure 6-9. AFM images of B-In>Ses films grown at different H.Se flow rate (a) 2 sccm
and (b) 4 sccm with a pulse flow of TMIn flow rate at 1.5%102 sccm every 30 s on/off for
30 min at 400 <T. (c) ¢-scan recorded at 20 =37.91° of sample in (b) showing [1120] p-
InzSes | [1120] a-Al2Os. (d) Cross-sectional TEM image of B-1n.Ses sample in (b)
showing layered structure of the film and clean interface with sapphire substrate. EDS

spectra of (e) In and (f) Se in corresponding region in (d) showing a Se:In ratio of 3:2.

The oriented triangular domains in all the AFM images of Figure 6-9 already
indicate the existence of an epitaxial relationship between the coalesced B-In2Ses film and

c-plane sapphire. XRD of B-In.Ses films on sapphire was carried out (by Anushka
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Bansal, Penn State) to further verify this epitaxial relationship. The 6-20 X-ray
diffractogram of In,Sez on c-plane sapphire in Figure 6-9d shows diffraction peaks
associated with only the B phase of In,Sez family of planes and the (0 0 6) reflection of a-
Al>Oz indicating that the In>Ses grows with its c-axis perpendicular to the basal plane of
sapphire. The X-ray pole figures obtained on this sample in Figure 6-9e and 6-9f in (1 0
10) plane shows that the In>Ses film exhibits epitaxial relationship with the substrate. The
six-fold pattern is from well-oriented B-1n2Ses (Figure 6-9¢), while the three-fold-
symmetric spots are attributed to the sapphire substrate (Figure 6-9f). In addition, a
partial ring-like texture was also observed in the film, which is likely due to the slight tilt
and rotation in the film (such as screw dislocation).®* This is consistent with the observed
asymmetric peak in the @ scan in Figure 6-9f, which is also due to the slight

misalignment of the domains.

6.3.6 Pulse growth

To achieve better control over film thickness, pulse growth was investigated
where precursors are introduced in a pulsed way to reduce the mixture time of precursors
and therefore can further limit the impact of gas phase reaction. In this study, a TMIn
flow rate of 1.5x10"2 sccm was repeatedly introduced into reactor for 30 s and then
removed from reactor for another 30 s during the growth period of 30 min. Figure 6-10a
shows the morphology of the film using 2 sccm of HaSe during the growth. The film
thickness was measured as ~ 5 nm, exactly half of the thickness in Figure 6-9c, which

indicates the growth is not limited by the gas phase reaction considering the total amount
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of TMIn was cut down to half of the amount used in Figure 6-9c. Additionally, the
domain shapes in Figure 6-10a evolve into hexagonal, which is attributed to the same
growth rate of In-terminated edges relative to the Se-terminated edges, similar to
previous observation in TMDs growth.?3% This also indicates local Se:In ratio at the
growth front is close to 3:2, even though the flow rate ratio (~90) is beyond this value. By
increasing H.Se flow to 4 sccm, the domain shape changes back to triangular in Figure 6-
10b indicates the growth condition was under local Se-rich environment and further
validates the local Se:In dependence of the domain shape. The epitaxial relation was still
maintained in the pulsed growth and confirmed by in-plane XRD measurement in Figure
6-10c (done by Anushka Bansal, Penn State).%® The presence of periodic 1120 peaks for
both In.Ses and sapphire substrate demonstrates epitaxial growth with an in-plane
epitaxial relation of [1120] In2Ses I [1120] a-Al,O3. Cross-sectional TEM was also
performed on the coalesced B-In2Ses films (by Fu Zhang, Penn State) to understand the
film composition and the interface between film and substrate. The regions of sapphire,
In2Ses, and the carbon protection layer can be distinguished by the crystal structure and
contrast in Figure 6-10d. The In>Ses shows a layered structure with a sharp interface with
sapphire indicates with no additional passivating layer. The corresponding EDS
mappings in Figure 6-10e and 6-10f (done by Fu Zhang, Penn State) reveal only Se and
In are in the In>Ses layer with a consistent measured stoichiometric ratio of ~3:2

(31%:21%).



179

‘ » Bl (c) (1120) B-In,Se,

e ik

(1120) 0-AL,0,

Intensity (a.u.)

L

[P A TTTI  TVR TR W

0 60 120 180 240 300
()

21atom % () Se 31 atom %

Figure 6-10. AFM images of B-In.Ses films grown at different H.Se flow rate (a) 2 sccm
and (b) 4 sccm with a pulse flow of TMIn flow rate at 1.5%102 sccm every 30 s on/off for
30 min at 400 <T. (c) ¢-scan recorded at 20 =37.91° of sample in (b) showing [1120] p-
InoSes | [1120] a-Al2Os. (d) Cross-sectional TEM image of B-In2Ses sample in (b)
showing clear layered structure of the film and clean interface with sapphire substrate.
EDS spectra of (e) In and (f) Se in corresponding region in (d) showing a Se:In ratio of

3:2.

6.3.7 Substrate impact

The selection of substrate also plays a significant role in determining the growth
mode and the phase of the In,Ses films, in addition to epitaxy. Figure 6-11a and 6-11b

show the AFM and FESEM images of In>Ses film grown on Si (111) substrate under the
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condition with TMIn flow rate of 1.5x10 sccm and H,Se flow rate of 7 sccm. The (111)

plane of Si was chosen as the surface due to its trigonal symmetry and small lattice
mismatch (<4%) with B-In.Sez. Although the film is fully coalesced and ~25 nm in
thickness, the morphology of the film on Si (111) show distinctive steps compared to the
island domains on sapphire. The oriented steps indicate a step flow growth mode happens
on the Si (111) substrate, in which surface species diffuse faster in certain direction
resulting in faster growth rate and formation of steps. Regardless of different growth
modes and morphology, the In.Sez films grown on Si (111) were still confirmed as 3
phase. The films also possess high crystallinity and both in plane and out of plane
epitaxial relation with substrate, based on the XRD measurement of 6-20 X-ray
diffractogram (by Anushka Bansal, Penn State) in Figure 6-11d and pole figures of -
In2Ses (Figure 6-11e) and Si substrate (Figure 6-11f). While B-InzSes films can be grown
on single crystal substrates with proper surface symmetry, using amorphous substrate can
lead to phase transition in the film. The FESEM image in Figure 6-12a shows the
morphology of the In,Ses film grown on 300 nm amorphous SiO>/Si substrate under the
same growth condition. The cubic 3D structure with no triangular shape indicates the
phase changed in the film and the morphology is very similar to y-In.Ses reported in prior
literature.®” Further Raman spectrum in Figure 6-1b confirmed the pure existence of y-
In2Ses with no evidence for other phases.*® It is possible that the formation of y-In,Ses is
more favorable due to the dangling bonds on the surface and lack of symmetric guidance

from the amorphous SiO2/Si substrate.
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Figure 6-11. (a) FESEM image and (b) AFM image of B-In,Ses film grown on Si (111)
substrate. (c) Raman spectrum of -In2Ses film grown on Si (111) confirming the only
existence of B phase. (d) 0-20 X-ray diffractogram showing the p-In.Ses film is epitaxial
with Si (111) in c-axis. Pole figures of (e) B-In2Ses film along (1 0 10) and (f) Si substrate

along (2 0 2) showing the in-plane epitaxy between film and substrate.
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Figure 6-12. (a) FESEM image and (b) Raman spectrum of y-In2Ses film grown on 300

nm amorphous SiO2/Si substrate.
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6.3.8 Electrical characterization

Top-gate B-In2Ses TFTs were fabricated on 25 nm thick In.Ses grown on c-plane
sapphire by Sora Lee at Penn State. Figure 6-13a shows the cross-section of a -In>Ses
TFT. Source and drain contacts were patterned on the as-grown B-In.Ses film with 15 nm
thick chromium and 75 nm thick gold, both deposited by thermal evaporation. The -
In.Sez channel region was patterned by photolithography and wet-etching in dilute
hydrochloric acid at room temperature. A 31 nm thick aluminum oxide gate dielectric
layer was deposited by plasma-enhanced atomic layer deposition at 200 <C. Finally, 100
nm thick titanium was deposited by sputtering and patterned by lift-off as the top gates.
Figure 6-13b and 6-13c show the log scale of the drain current (Ip) versus gate voltage
(Ves) and the drain current (Ip) versus drain voltage (Vps) for several gate voltages,
respectively. The results show the top gate B-In2Ses TFT has n-channel behavior with the
threshold voltage ~-1V and a high current on/off ratio greater than 10°. The gate leakage
was negligible (< 0.1 nA) for all measurements. We also notice a strong hysteresis
behavior in Figure 6-13b, possibly due to the in-plane ferroelectricity that was induced by
both voltage and strain in the film.8 The linear region differential field effect mobility
was derived and plotted in the linear scale Ip-Ves, as shown in Figure 6-13d. The

extracted mobility was near 1 cm?/V s.
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Figure 6-13. (a) schematic of top gate beta-phase In,Ses thin film transistors (TFTs), (b)
log (Ip)- Ves for Vps = 1 and 8V, (c) Ip-Vbs characteristics for Vgs from 0 to 8V (step:

1V), (d) linear (Ip)-Vaes with linear field effect mobility for Vps = 1V (W:L = 200 um: 5

um).

6.3.9 Summary

We demonstrate a scalable production of high-quality p-In.Ses films at low
temperature by MOCVD. Both c-plane sapphire and Si (111) are good substrate
candidates for epitaxial growth of B-In>Ses films, though different growth models are
found with island growth on sapphire and step flow growth on Si (111). A precise control
of the growth rate of B-In2Ses film has been demonstrated in this work and a 5 nm
coalesced film is achieved via a pulse flow of In precursor. Top gate WSez TFTs on
centimeter-scale B-In.Ses thin film reasonable carrier mobility and high on-off ratio, with
electron mobility of ~1 cm?/V's and on-off current ratio > 108, extending the potential of
the films in integrated and flexible electronic, optoelectronic, and ferroelectric

applications.
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Chapter 7 Summary and Future Work

The modern development based on 2-dimensonal (2D) layered materials relies
heavily on the crystallinity of the materials. Therefore, most advanced discovery of 2D
materials still utilizes exfoliated flakes of bulk single crystals. Although 2D fields show
promising future and outlook, the reliance on the flakes or micron-size single-crystal
domains constrains their further applications and makes the 2D concepts still far from the
real life. The dissertation demonstrates the research effort towards producing high-quality
and large-area WSe> and In,Sez atomically thin films by metalorganic chemical vapor
deposition (MOCVD), with detailed investigation on growth mechanism of these
materials with van der Waals (vdW) structures. This is a significant process to the
synthesis of 2D materials, in which case research on scalable devices and applications

now are also feasible.

The dissertation started with the impact of the selenium precursors on the growth
of coalesced WSe> films. The simultaneous formation of carbon layer during the growth
at high temperature due to the methyl group in the dimethyl selenide (DMSe) prevents
the coalescence of the films. By substituting the DMSe precursor with hydrogen selenide
(H2Se), the source of carbon has been removed and coalesced film can be achieved. In
addition to the selenium precursors, the selection of tungsten precursors could be also an
interesting topic for future study. Tungsten hexacarbonyl (W(CQ)e) has been adapted in
this dissertation due to its low pyrolysis temperature and high vapor pressure. However,

other tungsten precursors especially the halogen precursors such as WFs and WCls were
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also commonly used in the chemical vapor deposition (CVD) for tungsten films.*?
Although usage of halogen precursors typically introduces the formation of etching side
product, the existing of halogen atoms (CI in common cases) during the silicon nanowires
(SiNWs) growth can improves the surface morphology of the SINWSs resulting in smooth
sidewall surfaces and reduced tapering.*® Therefore, the presence of halogen atom in the
CVD WSe; process may increase the low surface diffusion length of W on the substrate
surface that leads to a limited WSe, domain size. Besides, chalcogen atoms may also be
substitutionally doped in the WSe2 monolayers or adsorbed on the WSe layer surface,

which may consequently change the electrical properties of the film.

One of the main success in this dissertation is the development of a multi-step
growth process for balancing the nucleation and lateral growth of WSe; and eventually
leading to the formation of completely coalesced monolayer. The multi-step process
consists of an initial nucleation step which used a high W(CO)s flow rate along with
H>Se to promote nucleation. The W(CO)es was then switched out of the reactor and the
sample was annealed in H2Se to promote surface diffusion of tungsten-containing species
to form oriented WSe; islands. The W(CO)s was then switched back into the reactor at a
lower flow rate to suppress further nucleation and laterally grow the WSe; islands to form
a fully coalesced monolayer film. The orientation of the domains and the epitaxial
relation of the coalesced films have been identified and the growth mechanism such as
the temperature for mass transport limited regime as well as the domain shape evolution
correlated to the local variations in the Se:W adatom ratio has been detailed studied.

Additionally, the phenomenon during the H2Se annealed only process can be the key to



193

further understand the 2D growth mechanism. We noticed the evolution of domain size
and cluster density with annealing time follows a 2D ripening process, and therefore
estimate the tungsten-species surface diffusivity based on the post-growth results.
However, there are few more points remaining unclear. The domains show more uniform
size after the ripening, compared to the cluster size distribution in classical Ostwald
ripening. This is an indication that the diffusion and rearrangement of the surface
adatoms during the growth of WSe> are more complicated than typical ripening process
and an interaction between domains (especially when they are closed to each other) can
exist. Also, we often notice the concentrated the compact WSe, domains typically have
the same orientation regardless of the degenerated formation energy of 0<and 60°
orientations. This may further support the hypothesis of domain interaction and can be
important to reduce the density of inversion domain boundaries in the films.

The last part of the WSe> growth study in this dissertation demonstrates the single
-crystal hexagonal boron nitride (hBN) as a superior substrate for WSe, growth. The
discovery of the WSe> growth driven by the single atom vacancies on hBN surface offers
a desirable method to control both nucleation and orientation of the WSe> towards a
perfect single-crystal monolayer. Moreover, hBN is well known for its atomically flat
surface and the screening effect to avoid environmental impact, which significantly
preserve and even improve the properties of 2D films in between. Therefore, more
growth studies on wafer-scale high quality hBN films and substrates are urged. Apart
from all the advantages of using hBN as substrate, we notice the negative thermal
expansion coefficient of hBN often leads to the cracks in the flakes, which also results in

the cracks in the WSe> film deposited on top. This can be a potential issue for large-scale
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fabrication and strain engineering such as controlling film thickness and introducing

buffer layer should be considered when investigating the growth of hBN films.

This dissertation also points out the potential interest in integrating 2D materials
with silicon in back-end-of-line (BEOL) applications and 3D fabrication and in flexible
electronics, which typically requires processing temperature < 450 °C. The initial attempt
on low-temperature growth WSe> at 400 °C shows properties are significantly limited due
to the nanocrystallinity of the films. On the other hand, the dissertation demonstrates a
scalable production of high-quality layered metal chalcogenide (MC), B-InzSes films, at
400 °C by MOCVD. The process shows controllable growth rate and the films exhibit
epitaxial relation with both c-plane sapphire and Si (111) substrates. This low-
temperature growth of epitaxial B-In2Ses films extends the potential of 2D materials in
integrated and flexible electronic, optoelectronic, and ferroelectric applications. It is also
crucial to address the scalable growth of other 2D materials can be potentially feasible,
such as phosphorene and layered perovskites, which have exhibited very interesting
properties such as narrow bandgap and magnetism, but are lack of support from scalable

synthesis and growth study.

Apart from what has been achieved in this dissertation, the author believes the
following aspects can be crucial to next step and future development of 2D. A scalable
and damage-free transfer method of 2D materials with no interface contamination is
definitely needed. Although scalable transfer process of 2D materials has been
developing all this time since the discovery of graphene, most transfer methods involve

contact with environment (air, etchant, solution, etc.) and mechanical deformation.
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Therefore, these methods typically lead to curtain degree of damage on the transferred
flake/film, in addition to the possible residue or oxidation on the interface between
transferred flake/film and target substrates. This is crucial for one that defects and
interfacial contaminations are known to heavily impact the properties of 2D materials,
and two that the thermodynamic and kinetic properties of 2D materials limit the synthetic
design where not all the 2D heterostructure stackings or substrates can be fulfilled. In
addition, growth investigation such as doping, alloys, and heterostructures is very
practical and should be pursued. Early studies have shown the possibility of these
structures and more research is expected to focus on controllability on doping
concentration, alloy components and heterostructure design. In addition, the synthesis in
2D materials should be associated more closely with the synthesis of conventional single-
crystal thin films. For example, 2D materials are similar to the interfacial layer in I11-V
thin heterostructures and thus some of the growth mechanism should be inherited from

the established knowledge of thin film epitaxy.
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