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ABSTRACT
Wafer-scale growth method of single-crystalline 2D MoS2 film for high-performance
optoelectronics
Xiangming Xu

2D semiconductors are one of the most promising materials for next-generation
electronics. Realizing continuous 2D monolayer semiconductors with single-crystalline
structure at the wafer scale is still a challenge. We developed an epitaxial phase conversion
(EPC) process to meet these requirements. The EPC process is a two-step process, where
the sulfurization process was carried out on pre-deposited Mo-containing films.
Traditionally, two-step processes for 2D MoS2 and other chalcogenides have suffered lowquality film and non-discontinuity at monolayer thickness. The reason was regarded as the
low lattice quality of precursor film. The EPC process solves these problems by carefully
preparing the precursor film and carefully controlling the sulfurization process. The
precursor film in the EPC process is epitaxial MoO2 grown on 2″ diameter sapphire
substrate by pulsed laser deposition. This epitaxial precursor contains significantly fewer
defects compared to amorphous precursor films. Thus fewer defects are inherited by the
EPC MoS2 film. Therefore, EPC MoS2 film quality is much better. The EPC prepared
monolayer MoS2 devices to show field-effect mobility between 10 ~ 30 cm2·V-1s-1, which
is the best among the two-step process. We also developed a CLAP method further to
reduce the defects in the precursor oxide film; thus, in-plane texture in the thicker MoS2
film was eliminated, and a single-crystalline structure was obtained in the wafer-scale
MoS2 films. The potentially feasible technique to further improve the 2D film quality is
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pointed out for our next research plan. Meanwhile, the epitaxial phase conversion process
was proposed to be as a universal growth method. Last but not least, we demonstrate
several potential applications of the wafer-scale single-crystalline MoS2 film we
developed, such as logic circuits, flexible electronics, and seeding layer of van der Waal or
remote epitaxial growth.
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Chapter 1. Introduction and Objectives
1.1. Background of microelectronics
A field-effect transistor (FET), which could control the source and drain current with
on&off state by tuning the gate electric field, is the basic building block of binary logic
circuits. The basic logic gate circuits NAND and NOR are constructed through the
transistor serial and parallel connections. Shrinking the transistor's gate length helps
enlarge the chip integration level and enhance the computing speed and capability. This
development is dominating the performance updating of modern consumer electronics. The
phenomena are well explained by the famous Moore’s law, which states the microchip with
a certain size would have a double number of transistors and be halved in the production
cost every two years[1]. As shown in Figure 1.1, the metal–oxide–semiconductor
FET (MOSFET) of gate length keeps reducing in the last half-century. However, it is
predicted that gate length is going to reach its limitation at 5 nm [2]. The current
microelectronic industry is mainly based on silicon, which would have a short channel
effect because of electron tunnel phenomena when the channel length is less than a specific
value[3]. Thus, it is necessary to explore new semiconductors without a short channel effect
to overcome the challenges faced by silicon-based electronics in the post-Moore law
period.
Figure 1.2 roughly illustrates the blue map of microelectronic technology
development in the near future. There are potentially two directions: one is “more Moore,”
which means keep shrinking the transistor size to even less than 5 nm to improve the
integration degree further; another is “more than Moore,” which is aimed at diversifying
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the microchip’s functionalities. Two-dimensional (2D) semiconductors are regarded as one
kind of the most promising candidates in the age of “more Moore & more than
Moore.”[2,4] One reason is it has less length limitations for the electron tunneling effect
and could show much higher performance than silicon if the transistor channel has a
thickness less than 1 nm, as illustrated in Figure 1.3 [4]. Another reason is 2D TMDCs
have rich physical properties, such as bandgap tenability[5], excellent photo response [6] ,
valley electronics[7] , chemical and biosensing [8,9], which could integrate sensing,
memory, and computing functionalities on a single chip [10].

Figure 1.1. Evolution of the MOSFET gate length and the number of transistors integrated
on a single microprocessor chip[2].

25

Figure 1.2. the More Moore and More Than Moore domains of semiconductor electronics,
together with important trends and the semiconductors used in these domains [2].

Figure 1.3. Mobility (μ) versus channel thickness (tch) for semiconducting channels of
TMDCs (within the ellipse) and ultra-thin silicon-on-insulator (SOI) and germanium-oninsulator (GOI) devices (blue shaded areas). Filled (open) symbols represent electron
(hole) motilities[4].
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In order to realize the large-scale integration and multifunction on one chip, 2D
materials with thickness less than 1 nm (single Van der Waal layer) were investigated a lot
in the electronics area (Figure 1.4a) [11]. The first discovered 2D material is Graphene,
obtained through mechanical exfoliation in 2004[12]. As the first discovered atomically
thin materials, shown in Figure 1.4b, it attracted huge attention and was regarded as the
most promising candidate for the post-Moore’s-law microelectronic industry. However,
further theoretical and experimental research indicates graphene was a semimetal without
bandgap, as shown in Figure 1.4c [13]. It means the electric field cannot effectively control
the carrier concentration of graphene. Fortunately, monolayer MoS2, one representative of
2D TMDCs, was calculated with a bandgap of about 1.8 eV, as shown in Figure 1.4d [14].
It means MoS2 has excellent potential as a semiconductor material in the 2D family.
Exploration of monolayer MoS2 as a transistor channel happened in 2011 from Prof. A.
Kis group [15]. A microscopic optical image in Figure 1.4e displays the monolayer MoS2
flake obtained through a mechanical exfoliation. The image in Figure 1.4f illustrates the
field effect transistor using monolayer MoS2 as a channel. The operation performance
showing source and drain (S/D) current on/off ratio up to 109, and mobility more than 200
cm2·V-1s-1, as illustrated in Figure 1.4g. This demonstrates its potential as a promising 2D
semiconductor. [15]
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Figure 1.4. The status of 2D MoS2 in microelectronics for extending Moore’s law. (a)
Photograph of one Silicon chip [11]. (b) The optical image of a single graphene flake [12].
(c) The graphene electronic band structure obtained in the tight-binding model; the valence
and conduction bands connect in the Brillouin area[16]. (d) Band structures of MoS2 from
the quasiparticle self-consistent GW(QSGW) calculations[13]. (e) The optical image of a
single layer of MoS2 (thickness, 6.5 Å) deposited on top of a silicon substrate with a 270nm-thick SiO2 layer. (f) The optical image of a device based on the flake shown in (e). (g)
IDS–VTG curve recorded for a bias voltage ranging from 10 mV to 500 mV[15].
1.2. Technologies of growing wafer-scale monolayer MoS2

Figure 1.5. Development process of microchip transistor and Si wafers size. (a) Microchip
transistor size development process in recent 20 years. (b) The basic architecture of a
Silicon-based n-type top-gate transistor. (c) The silicon wafer size development in recently
60 years. (All the three figures from Google website)
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However, there is a vast inevitable drawback in the large 2D families. All newly
discovered 2D materials are the kinds of small size flakes within the micrometer scale. It
is not acceptable for large-scale industrial production. The Silicon wafer development
process already demonstrated the importance of large wafer size. As illustrated in Figure
1.5a and c, the industry prefers smaller transistors while larger semiconductor wafers.
Figure 1.5b explained the characteristic size of a Silicon-based transistor, which is the
semiconductor channel length. Thus, developing wafer-scale 2D semiconductors has
become a crucial and significant topic in both scientific and industrial research
departments.

Figure 1.6. Growth technologies of wafer-scale monolayer MoS2. (a) Schematic of
powder-based chemical vapor deposition (CVD) and the 2-inch monolayer MoS2 film on
a sapphire substrate. (b) Schematic of metal-organic chemical vapor deposition (MOCVD)
and relevant 2D film based transistor device arrays on a 4-inch wafer. (c)Molecular beam
epitaxy (MBE) schematic and the relevant 2-inch monolayer MoS2 film on a sapphire
substrate [17-20].
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Several different methods were recently developed in the growth of wafer-scale
monolayer MoS2 film. There were three primary growth methods reported, as indicated in
Figure 1.6, they are powder-based chemical vapor deposition (CVD), metal-organic
chemical vapor deposition (MOCVD), and molecular beam epitaxy (MBE). In 2015, Park
Jiwoong Group firstly developed the MOCVD method for successfully growing monolayer
MoS2 film on 4-inch Si wafer, as shown in Figure 1.6b [20]. In 2017, the Guangyu Zhang
group successfully grew 2-inch monolayer MoS2 on sapphire by CVD, as shown in Figure
1.6a [18]. In the same year, the Kian Ping Loh group was successfully growing monolayer
MoS2 on 2-inch BN/sapphire substrate through the MBE deposition, as shown in Figure
1.6c [19].
However, it is not enough only enlarging the wafer size of the 2D film. The other
equally important aspect is to grow the 2D film with high quality and fewer defects. As we
all know, eliminating defects and impurities in silicon wafers are very important topics to
produce reliable microelectronic chips [21]. Thus, the wafer-scale 2D semiconductor with
few defects should be a critical developing direction to obtain reliable, high-performance
2D electronics in the future. However, all the reported wafer-scale MoS2 film are
polycrystalline film with micrometer size grain up to date [18,20,22,23]. As illustrated in
Figure 1.7, since 2014, large scale MoS2 film has been reported, size of the 2D film wafers
become larger and larger, at the same time, the crystal domain size is also developed from
about 500 nm to over 100 um. It indicates the research communities keep reducing the
grain boundary defects simultaneously, during enlarging the film wafer size. It is because
smaller grain boundary density would minimize the carrier scattering points, thus
increasing carrier mobility. As explained in Figure 1.8, 2D MoS2 film with large grain size
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shows higher mobility; it means grain boundary defects negatively affect the electric
performance of 2D semiconductors [22]. Thus, a new technique must be developed to
realize single crystalline MoS2 film growing at wafer-scale without grain boundary defects.

Figure 1.7. The development process of wafer-scale MoS2 film and the corresponding
grain size.

Figure 1.8. Influence of grain size on the electric performance of MoS2 film.
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1.3. Objective and Structure of the Dissertation
Since the co-vapor deposition system, such as CVD, has been explored for several
years, no wafer-scale single-crystalline MoS2 film was reported. We decide to explore it
through a new angle and different film preparation system. Therefore, we defined our
objective as growing MoS2 film at the wafer-scale; at the same time, the MoS2 film should
be a single crystalline structure at the whole wafer; thus, high-angle grain boundary defects
must be minimized. Thus, we developed a two-step process combining pulsed laser
deposition of oxides and sulfurization process to achieve our goal. The first step involves
growing wafer-scale single-crystalline precursor transition metal oxide film by pulsed laser
deposition; thus, the continuity and crystal domain could be predefined in this high-quality
precursor film. The second step involves performing a sulfurization process on the singlecrystalline oxide film. Since the goal is to make wafer-scale MoS2 films that are single
crystalline without high-angle grain boundaries, we define our growth method as the
epitaxial phase conversion (EPC) process. The EPC, sulfurization of ultra-smooth epitaxial
precursor film, is a new two-step process. The traditional two-step process is the
sulfurization of non-epitaxial precursor films. These precursors are Mo metal (deposited
by E-beam evaporation[24], sputtering [25]) , MoOx (by thermal evaporation [26], atomic
layer deposition(ALD) [27], E-beam evaporation (EBE) [28], sputtering[29]) , (NH4)MoS4
(by spin coating[30]). The electric performance of MoS2 converted from all these
precursors were with much inferior quality compared with the CVD MoS2 film. We show
that the reason for this inferior performance is that these precursor films were deposited
with an amorphous structure; thus the converted MoS2 films inherited too many defects.
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In the remainder of this thesis, we cover the following chapters, which are briefly
summarized below.
Chapter 2: The EPC process development. Through optimizing the PLD growth
parameters, we successfully grew epitaxial MoO2 film on (001) sapphire substrate down to
few monolayers with substrate temperature 400 oC, oxygen pressure ten mtorr, and MoO3
as the target. A sulfurization process was developed and optimized to convert MoO2 to
MoS2. The optimized sulfurization parameters are 900 oC, 1 hrs. After performing the EPC
process, we obtained MoS2 films with a quasi-single crystalline (QSC) structure at a 2-inch
wafer scale. As a contrast experiment, we also grew some amorphous MoO2 films and then
did the same sulfurization process. However, we could only obtain polycrystalline (PC)
MoS2 film a 2-inch wafer.
To confirm the QSC MoS2 film's electronic quality, we fabricated top-gate
transistors using MoS2 film as the semiconductor channel. PC films were also used for
comparison. The QSC MoS2 TFT shows field-effect mobility (µFE) around 8.85 cm2·V-1s1

, current on/off ratio (Ion/Ioff) about 105. In contrast, the PC MoS2 devices show µFE 0.13

cm2·V-1s-1, Ion/Ioff, about 102. Thus, the electronic grade quasi single-crystalline quality
(QSC) of MoS2 is offering much better electronic quality than the PC films.
While we successfully realized MoS2 films with QSC structure at a 2-inch wafer,
with excellent electronic quality, there are still some challenges in the EPC process to
obtain wafer-scale uniform and continuous monolayer MoS2 film. This initial process had
two challenges: (1) these films were thick, but we want continuous and uniform MoS2 film
with only a single Van der Waal layer, (2) the crystalline structure of MoS2 QSC is not a
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perfect single crystal over the entire wafer. Some very small-angle grain boundaries
remained, especially when the MoS2 film thickness increased to more than 4 nm. Chapter
3 and Chapter 4 address these challenges.
Chapter 3: Here the goal is to realize monolayer MoS2 film uniformly and continuously at
the wafer scale. We firstly used PLD to grow epitaxial MoO2 film with a thickness of only
about 0.7 nm. The growth parameters are the same as reported in Chapter 2. We exerted
significant effort to optimize the sulfurization process, especially minimizing the gas flow
fluctuation in the chemical reaction process. By facing the MoO2 film surface away from
the incoming gas flow direction, we successfully minimized gas flow fluctuation effect on
the sulfurization process. We could achieve monolayer MoS2 films that are uniform and
continuous over the entire wafer, as confirmed through the Raman and PL mapping, AFM
and Optical microscope image characterizations. We also realized the stoichiometry
engineering of monolayer MoS2 film without losing the film uniformity and continuity.
Through this, we could engineer the MoS2 film excitonic and electronic properties. More
importantly, we achieved high-performance top-gate transistors based on our monolayer
MoS2. The monolayer MoS2 transistor achieves a µFE of 10 to 30 cm2·V-1s-1, an Ion/Ioff about
107, and hysteresis as low as 0.4 V.
Chapter 4: To minimize the texture in the thicker MoS2 film, we developed a capping layer
annealing process (CLAP). We realized the single-crystalline MoS2 film at a wafer scale
without any texture using this CLAP process. Firstly, we grew epitaxial MoO2 film on a 2″
sapphire substrate using the same PLD growth parameters mentioned in Chapter 2. But this
pristine MoO2 film still has high-density defects such as dislocation. We regarded these
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precursor defects as the origin of texture in the MoS2 film. Thus, we use the CLAP process
to minimize the MoO2 film defects. We deposited the capping layer Si3N4 with a thickness
of 50 nm on MoO2 film by pulsed enhanced chemical vapor deposition (PECVD) system.
Then, we did an annealing process at 900 oC for 1 hr. After the annealing process, we
removed the capping Si3N4 layer using BOE etching. The CLAP treated MoO2 film was
confirmed with enhanced quality and fewer defects. Using this quality-improved MoO2
film, we did a sulfurization process with the same reaction parameters as in Chapter 2 and
Chapter 3. Through this process, we realized a single-crystalline MoS2 film with all
textures eliminated. We also fabricated MoS2 based top-gate transistor devices to compare
the electronic quality between the single-crystalline and textured MoS2 films. The result
showed us that the single-crystalline MoS2 films exhibit µFE of 6.3 cm2·V-1s-1, which is 15
times higher than that of textured MoS2. These results mean that the textured films have
significant carrier scattering and significantly reduced the carrier mobility.
Chapter 5: We summarized our research achievement. We also proposed the possible
research direction shortly based on our well-demonstrated wafer-scale 2D material growth
methods and the newly discovered scientific concepts.
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Chapter 2. Wafer-scale quasi single crystalline MoS2 realized by
epitaxial phase conversion
2.1. Summary
Vapor-solid phase reaction (VSPR) is a two-step process for synthesizing 2D MoS2. A
precursor film such as molybdenum oxide is grown on a substrate, followed by a
sulfurization process at elevated temperature in the first step. This process offers a scalable
fabrication of wafer-scale film with feasible control in thickness and uniformity. However,
the properties of MoS2 films from this VSPR process often suffer from low electrical
properties. The primary reason is their polycrystalline (PC) structure with large
concentrations of defects and grain boundaries, inherited from the amorphous precursor
films. Here, we report a new and scalable VSPR process in which epitaxial MoO2 films
(grown over a 2-inch wafer) are used as high-quality precursors, which are converted into
quasi-single-crystalline (QSC) MoS2. We demonstrate that transistors' field-effect mobility
fabricated using a QSC MoS2 channel is almost 35 times more extensive than a PC MoS2
channel, also better than most previously reported MoS2 films by other two-step MoS2
formation processes. Our process presents a new approach in which the precursor phase's
epitaxial growth can be used to improve 2D semiconductor and device performance.
2.2. Introduction of Background
The fabrication of large-scale, single-crystalline, silicon wafers has enabled the
modern electronics industry. Wafer-scale, single-crystalline, 2D graphene was first
fabricated in 2014[31], an accomplishment that pushed 2D graphene electrodes into
scalable industrial applications. Thus, there is significant interest in growing single-
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crystalline, 2D semiconductors (e.g., MoS2) at the wafer scale. However, MoS2, which is
one of the most promising 2D semiconductors with a tunable bandgap [32], has not yet
been realized in the 2D film with a single-crystalline structure at the wafer scale. Top-down
exfoliation methods have only been able to produce single-crystalline flakes with a size of
around tens of micron [33-35]. Chemical vapor deposition methods, on the other hand,
could realize single-crystalline flakes with lateral dimensions of about hundreds of microns
[36,37], but only PC films at the wafer-scale (with a crystal domain size around several
microns) [18,38]. Furthermore, the two-step VSPR process reported previously has only
produced PC MoS2 films at the wafer scale, with a nanometer-scale crystallite size, since
their precursor films had an amorphous structure [26,29,30,39]. The other deposition
methods, such as pulsed laser deposition (PLD) [40], ALD [41], and sputtering [42], could
also only realize PC MoS2 films over large areas. There have been no single-crystalline
reports, 2D chalcogenides grown at the wafer-scale using the VSPR process.
Inspired by the recent work of synthesizing highly crystalline MoS2 flakes converted
from MoO2 flakes by chemical vapor deposition [37], we decided to investigate the
possibility of preparing high-quality MoS2 over 2-inch wafers through the VSPR process
using MoO2 as a precursor. To achieve this, we first developed an epitaxial MoO2 film
deposited on 2-inch wafers by PLD, and we then converted it to a QSC MoS2 structure by
annealing the wafer in sulfur vapor. Thin-film transistors fabricated from the QSC and PC
MoS2 films, both grown over 2-inch wafers by the VSPR process, display a massive
difference in performance. The field-effect mobility of QSC MoS2 devices was
approximately 35 times higher than that of the PC MoS2 devices, and it could reach up to
10 cm2·V-1s-1, which is among the best-reported values for VSPR MoS2 [30].
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2.3. Experimental section
2.3.1. Growth of precursor epitaxial MoO2 film by PLD
2-inch (001) Al2O3 substrates of 0.5 mm thickness were used as received. Before
PLD, the substrates were cleaned sequentially with acetone, isopropyl alcohol (IPA), and
deionized (DI) water for 5 min in each solvent, combined with sonication. After placing
the sample inside the PLD main chamber, the vacuum was pumped down below 10-7 torr.
Furthermore, the MoO3 target (purity 99.9%, Mateck) was used for the deposition, while
O2 was used as the deposition atmosphere, and the chamber pressure was kept at 10 mTorr
during deposition. Low oxygen pressure was used during the growth to facilitate MoO2
film formation on the c-cut sapphire substrates. The substrate's temperature during
deposition was 400 oC, and the KrF laser source, with a 248-nm wavelength, was used and
set to a constant energy mode using 210 mJ. The deposition rate was measured as 0.314 Å
per shot, and the substrate was rotated during deposition at a speed of 36 o per second to
obtain MoO2 film with thickness uniformity. After deposition, the sample was cooled down
to room temperature (RT) naturally before being taken out of the PLD chamber.
2.3.2. Sulfurization process for epitaxial MoS2 film
Precursor epitaxial MoO2 films were placed in a cleaned quartz boat and loaded
into the three-zone tube furnace center. Argon was provided as the carrier gas during
sulfurization, and sulfur powder (Fisher scientific, 700 mg) was placed in the upstream of
the sample at a distance of 27 cm. During the high-temperature process, the sulfur powder
would evaporate, and its vapor would be transported and incorporated into the epitaxial
MoO2, thereby converting it to epitaxial (or QSC) MoS2 film. Before sulfurization, the Ar
gas was kept flowing through the quartz tube at 100 sccm for at least 40 min to completely
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remove the oxygen from the tube. The middle zone's temperature increase rate was set as
20 oC/min from RT to the desired maximum values (700, 800, and 900 oC). After reaching
the target value, the temperature was kept constant for 1 hr to complete the conversion of
MoS2 to MoO2 and then cooled down to RT. The sulfurization pressure was maintained
between 5 to 10 torr. The Ar flow was kept at 100 sccm throughout the process.
2.3.3. Transfer process
We used the stamp transfer process combined with chemical wet etching to transfer
MoS2 onto different substrates (a glass substrate is taken as the example in the following
part). First, the as-prepared MoS2/Al2O3 sample was submerged in a KOH (10%wt) liquid
solution, keeping the temperature at 90 oC. The substrate was held there for liquid ions
inset between the film and substrate to release the strain. The immersion time should be
well controlled, always keeping the MoS2 attached to the substrate's surface. After
removing the sample from the base solution, it was slowly rinsed with DI water several
times and then dried by a Nitrogen gun to clean the aqueous alkali ions. A PDMS film was
carefully attached to the MoS2 film/sapphire and put into DI water for 10 min. Then, the
PDMS/MoS2 film was carefully and slowly detached from the sapphire substrate.
Thereafter, the PDMS/MoS2 film was attached onto the glass substrate carefully and
uniformly, Air bubbles should be eradicated during the attaching process. The
PDMS/MoS2 film/glass was heated on a hot plate at 70 oC for 0.5-1 hr to reduce the
viscosity of the PDMS, and it was then cooled down to RT naturally. After detaching the
PDMS film, the MoS2 film would be left on the target substrate.
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2.3.4. Top-gated thin film transistor (TFT) device fabrication
The as-synthesized MoS2 films on the sapphire substrate were patterned using
photolithography, followed by a dry etching process. Au/Ti S/D electrodes were grown
and patterned on top of MoS2 by EBE using a lift-off process. In addition, the HfO2
dielectric layer was grown by ALD (400 cycles, 60 nm). During the ALD process, the
temperature was set at 160 oC, and deionized water was used as the oxidization source with
a pulse/purge time of 0.015/8 s/s. Tetrakis(dimethylamido) hafnium (IV) precursor (SigmaAldrich) was used as the Hf source, with a pulse/purge time of 0.2/8 s/s. The top-gated
electrode was grown by EBE and patterned by a lift-off process. Once the device structure
was prepared, it was annealed at 200 oC for 2 hrs in a tube furnace. The annealing process
was done in Ar/H2 gas at a flow rate of 40/5 sccm, with the inner pressure kept at 1 torr.
Before annealing, the tube was purged three times with the Ar/H2 gas to remove any
residual oxygen in the tube. The heating rate was set as 5 oC/min, and the furnace was
naturally cooled to RT after the annealing process.
2.3.5. Characterization
The X-ray diffraction patterns of both epitaxial MoO2 and 2D MoS2 films (θ-2θ
scans and Φ scans) were measured using an X-ray diffractometer (Bruker, D8 DA Vinci)
with a Cu Kα source and a wavelength of 1.5418 Å. Raman spectra, including mapping
(with a resolution of 1 um), and PL spectra were characterized in an ambient environment
using a Horiba Aramis Raman spectrometer (Horiba Scientific) with an excitation source
of visible light that had a wavelength of 473 nm. The photoluminescence (PL) spectra of
the samples were measured in the dark, while the X-ray photoelectron spectroscopy (XPS)
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spectra were measured in a Kratos Axis Ultra DLD spectrometer equipped with a
monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-channel
plate and a delay line detector under a vacuum of ~10-9 mbar. Atomic force microscopy
(AFM) (Bruker, Dimension Icon SPM) was used to obtain the surface morphologies of
both the precursor MoO2 and final MoS2 films, and a line scan in AFM was used to get the
MoS2 film thickness information in area intentionally scratched by a tweezer. Then,
(scanning) transmission electron microscopy ((S)TEM) cross-section specimens were
prepared using a focused ion beam system (Helios 400s, ThermoFisher USA [former FEI
Co]). TEM images and electron energy-loss spectroscopy (EELS) elemental mapping were
obtained at 80kV by a Titan 60-300kV TEM, ThermoFisher USA (former FEI Co),
equipped with a high-brightness gun, a probe corrector, and a Gatan Quantum 966 imaging
filter (GIF). The MoS2 film was made totally free-standing by etching the substrate in an
aqueous alkali solution, and it was then transferred onto Cu grids with lacey carbon film.
High resolution (HR) STEM images were recorded at 80kV with the ThermoFisher USA
(former FEI Co) Titan Themis Z (40-300kV) TEM equipped with a double Cs (spherical
aberration) corrector, a high-brightness electron gun (x-FEG), and a Gatan GIF 966. The
performances of the top-gated TFT devices were measured using a semiconductor device
analyzer (Agilent B1500A) at RT in the dark.
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2.4. Results and Discussion
2.4.1. The schematic of the Epitaxial phase conversion process (EPC)

Figure 2.1. Epitaxial phase conversion process (a) Schematic illustration (b) MoO2 with
thickness 3nm (left), 6nm(middle), 9nm(right). (c) MoS2 with thickness 3nm (left), 6nm
(middle), 9 nm (right).
A schematic depicting the epitaxial phase conversion process from MoO2 to MoS2 is
illustrated in Figure 2.1a. The MoO2 epitaxial films grown by PLD were loaded into a tube
furnace and annealed in a mixture of Ar and S at an optimized temperature, pressure, and
time (900 oC for 1 hr at atmospheric pressure), resulting in 2D epitaxial MoS2 films. The
process’s details are further discussed in the experimental section, the optimization process
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will be discussed in the following sections. Characterization and analyzation of Raman, PL
spectra, XPS, and AFM data verified that sulfurization at 900 oC for 1 hr yields the highest
quality QSC MoS2 film. The films visually demonstrate good uniformity over 2-inch
wafers, as illustrated in the optical images in Figures 2.1b and 2.1c for the precursor MoO2
and the converted MoS2, respectively. The visual images of MoO2 correspond to films
deposited using 100, 200, and 300 PLD shots, and MoS2 films with final thicknesses of ca.
3, 6, and 9 nm. The KAUST logo is more visible in the more transparent thinner films.
Here, we should emphasize that 2D MoS2 film's thickness, converted from MoO2
film with 100 MoO2 PLD shots, is approximately 3 nm (four to five layers). We attempted
to scale down the thickness of a continuous 2D MoS2 film using a thinner MoO2 thickness
(a lower number of PLD shots, e.g., 80, 60, and 40 shots) no continuous MoS2 film could
be formed thinner than four to five layers. This indicates that, at this stage, it is not feasible
to fabricate a large-area, continuous, monolayer MoS2 film based on the sulfurization of a
(200) MoO2 // (001) Al2O3 epitaxial film system. As we analyzed initially, there is a lattice
mismatch in this epitaxial film system. The mismatch is -1.6% for [001] MoO2 // [120]
Al2O3, which causes tensile strain, and 2.0% for [010] MoO2 // [100] Al2O3, which causes
compressive strain. We believe that these lattice strains limit the thickness of the resulting
MoS2 obtained from the sulfurization of MoO2 that is 3 nm or higher. However, if an
epitaxial precursor system with a smaller film/substrate lattice mismatch can be developed,
then large-area, monolayer MoS2 films could be realized using our method.
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2.4.2. Characterization of the epitaxial MoO2 film

Figure 2.2. Epitaxy growth of MoO2 film. Schematic structure of the (a) (100) Al2O3
surface and (b) (200) Monoclinic MoO2 lattice plane with the oxygen anions drawn on the
top of the structures, (c) θ-2θ scan of MoO2 with different PLD shots. (d) Φ scan of
precursor MoO2 with 1500 PLD shots.
Figure 2.2 discussed the theoretical calculation and the experimental confirmation of
the Mo based epitaxial precursor film formation. Molybdenum dioxide (MoO2, space
group: P21/c [14]) grown on the (001) surface of a 2-inch, single-crystalline Al2O3
substrate (space group: R-3ch [167]) was selected as the precursor film, after calculating
that lattice mismatches below 2% can be achieved. The lattice parameters along the [120]
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Al2O3// [001] MoO2 and [100] Al2O3//[010]MoO2 are 0.5720//0.5628 and 0.4762//0.4856
nm, respectively, and both are in (001) Al2O3//(200) MoO2 planes, as illustrated in Figures
2.2a-b. The former lattice mismatches are calculated to be -1.6% (tensile strain), and the
latter is calculated to be 2.0% (compressive strain). These strain values are negligible, and
they motivated us to grow epitaxial (200) MoO2 films on (001) Al2O3.[43]
Figure 2.2c depicts the θ-2θ X-ray diffraction (XRD) pattern of epitaxial MoO2 films
deposited on (001) Al2O3 substrates at 400 oC using different numbers of PLD laser shots
(100, 500, and 1,500). Only (200) MoO2 (2θ = 37.95o) and (400) (2θ = 80.97o) diffraction
peaks were observed for the films (500 and 1,500 shots), indicating that these films are
epitaxial. A phi (Φ) scan was performed to investigate further the (200) MoO2// (001)
Al2O3 epitaxial film structure, which is presented in Figure 2.2d. The Φ-scan illustrates the
60° inter-spaced peaks of (011) MoO2 planes (red spectrum), indicating their six-fold
symmetry, and the 120o inter-spaced peaks of (104) Al2O3 planes with three-fold symmetry
(black spectrum). It can be seen that the (011) MoO2 peaks are offset by 30o to those of
(104) Al2O3 peaks, confirming the epitaxial nature of the MoO2 growth.

.
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Figure 2.3. Room mean square (RMS) roughness of precursor MoO2 film with (a) 40, (b)
60, (c) 80, (d) 100, (e) 120, (f) 140, (g) 160, (h) 200, (i) 300 PLD shots.
To investigate the surface morphologies of MoO2 film with different thicknesses in more
detail, Figure 2.3 displayed AFM images of the precursor MoO2 films deposited using
different PLD shots (40, 60, 80, 100, 120, 140, 160, 200, and 300 shots). The RMS
roughness changes from 0.147 to 0.270 nm as the thickness increases. It can be seen that
an excellent surface smoothness of precursor films was achieved (RMS < 0.27 nm),
although the RMS roughness increases slightly with the number of PLD shots. It has
significant meaning that our epitaxial MoO2 films have excellent enough surface
morphology for the following high-quality MoS2 film preparation process.
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Figure 2.4. XRD characterization of amorphous MoO2 film. The MoO2 film grown on
(001) Al2O3 at 300 oC and RT with 1500 PLD shots.
In addition, to compare with the epitaxial precursor films discussed above, we also
prepared the amorphous MoO2 films, as indicated in the XRD pattern in Figure 2.4, where
no MoO2 diffraction peaks are observed. The amorphous MoO2 structure can be obtained
at different temperatures and on various substrates. For example, we prepared MoO2 at two
different temperatures (RT and 300 oC) on (001) Al2O3 (Figure S1a) and at 400 oC on (112) Al2O3 (Figure 2.5c black pattern). In the following section, we would perform the same
sulfurization process on both the epitaxial and amorphous MoO2 films. This could help us
figure out how precursor films' crystalline orientation structures would influence film
crystalline orientations of the converted MoS2 films.
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2.4.3. Characterization of MoS2 film

Figure 2.5. XRD characterization of the MoS2 film. (a) θ-2θ (b) Φ scan and of precursor
MoS2 with 1500 PLD shots and final MoS2 films on a sapphire substrate (c) MoO2 growth
on (1-12) Al2O3 at 400 oC with 1500 PLD shots and the conversed MoS2 PC film.
Figure 2.5 depicts the θ-2θ, and Φ XRD scan of the final MoS2 film converted from
epitaxial MoO2 films, also the θ-2θ XRD scan of MoS2 from amorphous MoO2 film on (112) Al2O3 substrate. The θ-2θ XRD pattern of the MoS2 film (converted from epitaxial
MoO2 film) displays peaks at 16.65o, 29.19o, 44.27o, and 60.32o, which can be assigned to
the (002), (004), (006), and (008) planes of 2H MoS2, and the second peak at 41.80o can
be assigned to the (001) planes of the Al2O3 substrate. However, the peak corresponding
to (200) MoO2 disappeared. This result indicates that the MoO2 film has been converted to
epitaxial MoS2. A Φ scan (Figure 2.5b) was performed to verify the epitaxial nature of the
final MoS2 film. It can be seen that the (107) MoS2 planes exhibit six-fold symmetry and
are offset by 30o from (104) Al2O3 peaks. The presence of small peaks (marked by black
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asterisks) in the Φ scan pattern indicates that the MoS2 epitaxy might not be perfect, and
some in-plane mismatch may exist.

Besides, Figure 2.5c (the red pattern) presents the XRD pattern of one MoS 2 film
converted from amorphous MoO2 (the amorphous structure confirmed in black pattern)
deposited at 400 oC, not only (002) peak but also (104) peak could be found in the MoS2
XRD pattern indicating MoS2 film PC structure.

Figure 2.6. Gaussian fitting of XRD (002) peak of (a) epitaxial MoS2 film (b)
polycrystalline MoS2 film.
Scherrer equation is used to estimate the grain size of polycrystalline films or powders
and the crystalline quality of epitaxy films. [44] The equation can be expressed as
τ=Kλ/βcosθ, where τ means the grain size of polycrystalline film or the effective coherence
length of the epitaxial film relevant lattice plane. K is the shape constant, which usually
has a value of 0.89, β is the full width at half maximum (FWHM) of the relevant XRD
peak, θ is the Brag angle of the relevant peak. Gaussian Fitting of the (002) XRD peaks of
both QSC and PC MoS2 films prepared in this study are depicted in Figure 2.6a and b,
respectively. Using the Scherrer formula, the polycrystalline MoS 2 film is calculated to
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have a grain size of around 20 nm. In comparison, the effective coherence length of (002)
plane in the epitaxial film is 49.4 nm, which is consistent with the film thickness, indicating
a high-quality epitaxial structure.
To obtain QSC MoS2 films with better quality, the sulfurization temperature was
optimized using the 100 PLD-shot MoO2 films. Specifically, three different sulfurization
temperatures (700, 800, and 900C) were evaluated to form quasi-single-crystalline (QSC)
MoS2. Raman and PL spectroscopy and XPS were performed to assess the qualities of the
resultant MoS2 films.

Figure 2.7. Lorentz fitting of the Raman spectra of final MoS2 films formed at (a) 700, (b)
800, (c) 900 oC.
The Raman spectra in Figure 2.7 demonstrate that two peak positions are always
located at 384.6 and 409.6, regardless of the sulfurization temperature, corresponding to
the E12G and A2G modes of MoS2, respectively. However, a higher conversion temperature
results in a higher intensity of both peaks. These Raman spectra were further analyzed by
Lorentz fitting of the peaks. It can be concluded that the FWHM of these peaks becomes
smaller at a higher sulfurization temperature (Table 2.1), indicating that a better quality
MoS2 film is obtained at a higher temperature. Actually, when a sulfurization temperature
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of 900 oC is used, the FWHM of the E12G peak is 3.74, which is close to the reported value
(FWHM = 3.5) for few-layer, single-crystalline MoS2 flakes prepared by CVD. [45]
Table 2.1. FWHM obtained from Lorentz fitting of the Raman data of MoS2 from Figure
2.7.

TEMPERATURE (OC)

FWHM (E12G)

FWHM (A2G)

700

5.49

5.10

800

4.10

4.09

900

3.74

4.27

The reported FWHM (E12G) of single-crystal, few-layer MoS2 from CVD process is 3.5.
[45]
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Figure 2.8. PL spectra of the final MoS2 film formed using 700, 800, and 900 oC
sulfurization temperatures.
A higher PL peak intensity can also be observed in MoS2 films obtained at a higher
sulfurization temperature (Figure 2.8), further confirming the higher quality of MoS2 at a
higher sulfurization temperature. [30] Peaks marked with a star at 1.79 eV are actually from
the sapphire substrate, while the peaks at 1.83 eV and 1.98 eV correspond to the A and B
excitons of MoS2 materials, respectively. [46]
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Figure 2.9. (a) XPS-S 2p (b) Lorentzian-Gaussian fitting of XPS-Mo 3d spectra of final
MoS2 film XPS 700, 800, 900 oC.
Figure 2.9a indicates that S 2p1/2 and S 2p3/2 peaks are observed at 163.8 and 162.6, and
Figure 2.9b displays XPS peaks at 232.9, 229.8, and 227, which correspond to Mo 3d3/2,
Mo 3d5/2, and S 2s, respectively. These peaks’ positions are consistent with those reported
for crystalline MoS2 films [2]. It is interesting to note that the different sulfurization
temperatures do not cause any peak shift in the XPS spectrum, which indicates that MoS 2
crystals can be obtained at all three temperatures. A further analysis was conducted on XPS
spectra in Figure 2.9b by Lorentzian-Gaussian fitting to acquire the Mo/S ratio. As listed
in Table 2.2, Mo/S ratios of 1/1.88, 1/1.90, and 1/1.94 are obtained, corresponding to the
sulfurization temperatures of 700, 800, and 900 oC, respectively. These results demonstrate
that most stoichiometric MoS2 could be obtained using the 900 oC sulfurization process.
Besides, MoS2 conversed at 900 oC from an amorphous MoO2 film with 100 PLD shots on
(1-12) Al2O3 substrate, has the element ratio Mo/S = 1/1.936, which is similar to that on
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(001) Al2O3 substrate. This means the stoichiometry of MoS2 depends mainly on the
sulfurization process, and the quality of the precursor film has little influence on it.
Table 2.2. Elemental ratios of Mo and S deduced from fitting the data in Figure 2.9.
Sulfurization
temperature (oC)

700

800

900

Mo:S ratio

1:1.88

1:1.90

1:1.94

Figure 2.10. RMS roughness of final 2D MoS2 films obtained using sulfurization
temperatures of: (a) 700, (b) 800, (c) 900 oC, (d) 900 oC on (1-12) Al2O3 substrate. Scale
bar: 1 um.
Figure 2.10 displayed the surface morphologies of MoS2 film converted at different
temperatures or on a different substrate. The lowest MoS2 surface roughness was also
obtained at 900 oC on (001) Al2O3 substrate, as can be concluded from the RMS roughness
analysis depicted in Figure 2.10. However, the PC MoS2 film that is converted from an
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amorphous MoO2 film on (1-12) Al2O3 substrate is rougher, compared with that converted
from an epitaxial precursor film, as illustrated in Figure 2.10d. The above analysis clearly
demonstrates that a higher sulfurization temperature improves the quality of 2D MoS 2;
however, there is a limit. In fact, we found that further increasing the sulfurization
temperature to more than 1,000 oC resulted in the evaporation of the precursor MoO2 film.

Figure 2.11. RMS (room mean square) roughness of final MoS2 films sulfurized from
precursor MoO2 film with (a) 40, (b) 60, (c) 80, (d) 100, (e) 120, (f) 140, (g) 160, (h) 200,
(i) 300 PLD shots.

To investigate the sulfurization process in more detail, the surface morphology of the
precursor MoO2 films deposited using different PLD shots (40, 60, 80, 100, 120, 140, 160,
200, and 300 shots) and their corresponding final MoS2 films were studied using an atomic
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force microscope (AFM). Figure 2.11 depicts the typical AFM surface morphologies of
final MoS2 films. The RMS roughness changes from 2.554 to 0.178 nm under 100 shots
and up to 0.542 nm again from 100 to 300 shots. Interestingly, the RMS roughness of the
final 2D MoS2 films changed significantly with the thickness (the number of PLD laser
shots) of MoO2, as is also indicated in Figure 2.12. The precursor MoO2 films deposited
using 40 PLD shots resulted in isolated islands of MoS2, as illustrated in Figure 2.11a. As
the number of PLD shots of MoO2 increased, the islands began to coalesce; however,
continuous MoS2 films were not formed until the number of MoO2 PLD shots reached 100,
as indicated in Figure 2.11d. The RMS roughness of the 2D MoS2 films decreased before
the formation of a continuous film, and it increased again after the formation of a
continuous 2D MoS2 film.

Figure 2.12. Curves showing RMS roughness change for precursor MoO2 and final MoS2
films with different precursor thickness (PLD shots).
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Figure 2.12 presents the RMS roughness change of both the precursor MoO2 and the
final MoS2 films as a function of the MoO2 film thickness (the number of PLD shots). The
converted MoS2 films basically always demonstrated higher roughness than the
corresponding MoO2 precursor. The only exception occurred when the number of MoO2
laser shots was 100 (3.15 nm MoO2), where the continuous MoS2 film had just formed.

Figure 2.13. The curve is showing the final 2D MoS2 film thickness as a function of the
number of PLD shots used to deposit the precursor MoO2 films. Scale bar: 2 µm.
The thickness of the MoS2 films obtained for different MoO2 precursor thicknesses (PLD
shots) was studied using AFM, as illustrated in Figure 2.13. The thinnest continuous MoS2
film (ca. 3 nm) could be realized by sulfurizing MoO2 film deposited using 100 PLD shots,
as illustrated in Figure 2.11-2.13. Before the formation of the continuous MoS2 film, the
thickness increased nonlinearly with the number of MoO2 laser shots, but once a
continuous film formed, it began to increase linearly with the number of laser shots, as
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depicted in Figure 2.13. However, the precursor MoO2 film thickness always increased
linearly with the number of laser shots, as expected for the PLD process.
Here, we should emphasize that 2D MoS2 film's thickness, converted from MoO2
film with 100 MoO2 PLD shots, is approximately 3 nm (four to five layers). We attempted
to further scale down the thickness of a continuous 2D MoS2 film by using a thinner MoO2
thickness (a lower number of PLD shots, e.g., 80, 60, and 40 shots); however, no
continuous MoS2 film could be formed thinner than four to five layers. This indicates that,
at this stage, it is not feasible to fabricate a large-area, continuous, monolayer MoS2 film
based on the sulfurization of a (200) MoO2 // (001) Al2O3 epitaxial film system. As we
analyzed in the beginning, there is a lattice mismatch that exists in this epitaxial film
system. The mismatch is -1.6% for [001] MoO2 // [120] Al2O3, which causes tensile strain,
and 2.0% for [010] MoO2 // [100] Al2O3, which causes compressive strain. We believe that
these lattice strains limit the thickness of the resulting MoS2 obtained from the sulfurization
of MoO2 that is 3 nm or higher. However, if an epitaxial precursor system with a smaller
film/substrate lattice mismatch can be developed, then large-area, monolayer MoS2 films
could be realized using our method.

58
2.4.4. Confirmation of the complete sulfurization process

Figure 2.15. Raman spectra of precursor MoO2 with 1500 PLD shots and final MoS2 films
on a sapphire substrate.
Raman spectroscopy was performed on both MoO2 and MoS2 films, as indicated in
Figure 2.15.[47,48] No Raman peaks corresponding to MoO2 were observed in the final
MoS2 film, which confirms the complete sulfurization.
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Figure 2.16. Line profile on HR TEM images and EELS mapping. (a) HR TEM images of
MoO2 film and SAED pattern inset (FFT). (b) Line profile showing the lattice spacing in
(a). (c) HR TEM images of MoS2 film and SAED pattern inset (FFT). (d) Line profile
showing the lattice spacing in (c). (e) O, Mo, and Al EELS elemental maps of MoO2 film
with corresponding TEM image. (f) S, O, Mo, and Al EELS elemental maps of MoS2 film
with corresponding TEM image.
Figure 2.16 further confirmed the complete sulfurization process from MoO2 to MoS2
film using (S)TEM image and EELS elemental mapping. We plotted a line profile on the
cross-section image in Figure 2.16a with the fast Fourier transformation (FFT) image
inserted. Figure 2.16b shows the line profile of the lattice spacing of the (200) MoO2
precursor film with a calculated lattice spacing of 0.24 nm are illustrated in Figures S10ab (standard spacing is 0.2406 nm from JCPDS#73-1249). Figure 2.16c-d shows the crosssection image with the FFT pattern and line profile of (001) MoS2 with a lattice spacing of
0.58 nm (standard spacing is 0.615 nm from JCPDS#03-065-1951). Figures 2.16e-f present
the results of the EELS element maps (Al, Mo, S, and O) for the MoO2 and MoS2 films.
Complete sulfurization of the MoO2 film is confirmed by comparing the oxygen and sulfur
elemental distributions.

60

Figure 2.17. Cross-section TEM characterization of MoO2 and MoS2 film. (b) LR and (c)
HR TEM images of precursor MoO2 epitaxial film formed using 100 PLD shots. (d) LR
and (e) HR TEM images of final quasi-single-crystal (QSC) MoS2 epitaxial film.
Figure 2.17a presents an image of a 3.15-nm thick (100 PLD shots) MoO2
precursor film obtained with a high-angle annular dark-field (HAADF) detector in a
STEM. The surface is atomically flat, which is consistent with the AFM data. An HR
STEM image of the epitaxial MoO2 film is presented in Figure 2.17b, where the (200)
MoO2 planes are parallel to the (001) Al2O3 planes, further verifying the epitaxial nature of
MoO2. In comparison, the final MoS2 film's STEM image is displayed in Figure 2.17c, and
the thickness was determined to be ca. 3 nm. The HR STEM image in Figure 2.17d further
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shows the final film's layer structure, with all layers parallel to the substrate surface,
confirming the van der Waals epitaxy.
According to the volume expansion calculation occurring during the epitaxial
conversion process, there is almost no precursor evaporation away from the substrate. In
other words, the chemical reaction and mass transfer occur predominantly on the substrate
surface. The calculation of the volume expansion is given in detail in Figure 2.18.

Figure 2.18. Cell Model of (a) MoO2 (b) 2H-MoS2.
Suppose we presume that the epitaxial MoO2 film has a perfect single crystal
structure without defects or strains. The volume expansion from MoO2 film to MoS2 film
is calculated as follows:
Suppose there was no evaporation. Mo element is the only element that always stays on
the substrate during the sulfurization process. Our calculation will be based on the areal
density of Mo atoms.
The unit cell of MoO2 monoclinic crystal is shown in Figure 2.18a, with the following
lattice parameters (JCPDS#73-1249):

62
a = 0.5536 nm (along [100]), b = 0.4856 nm (along [010]), c = 0.5628 nm (along [001]);
α = 90°, β = 119.683°, γ = 90°
There are 3 Mo atoms on average (2 inside the cell, 2 on the surface of the cell, as shown
in the inset side-view cell along [001] direction) in one MoO2 unit cell.
As MoO2 epitaxial film grows with (100) lattice plane parallel to the substrate surface:
The height h of one MoO2 cell normal to the substrate surface should be as follow:
ℎ = 𝑎 · 𝑠𝑖𝑛𝛽 = 0.5536 × 𝑠𝑖𝑛119.683° = 0.481 𝑛𝑚
For 3 nm thick MoO2 film, the average number of stacking unit cells should be: 6.23
The area of one MoO2 unit cell occupied on the substrate should be:
𝐴𝑟𝑒𝑎 = 𝑏 × 𝑐 = 4.856 × 5.628 = 27.33 Å2 = 2.733 × 10−19 𝑚2
3nm thick MoO2 film on only one unit cell area should have the number of Mo atoms:
6.23 × 3 = 18.69
Then the areal density of Mo atoms of 3 nm thick MoO2 film should be:
18.69
= 6.81 × 1019 𝑚−2
−19
2.733 × 10
The unit cell of 2H MoS2 crystal is shown in Figure 2.18b, with the following lattice
parameters (JCPDS#03-065-1951):
a = 0.316 nm (along [100]), b = 0.316 nm (along [010]), c = 1.229 nm (along [001]);
α = 90°, β = 90°, γ = 120°
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From the unit cell of 2H MoS2, we could figure out there are 2 Mo atoms in one unit cell:
The area of (001) plane for one unit cell is:
𝐴𝑟𝑒𝑎 = 𝑎 × 𝑏 × 𝑠𝑖𝑛𝛾 = 0.316 × 0.316 × sin 120° = 8.647 Å2 = 8.67 × 10−20 𝑚2
Since 2 layers are included in one unit cell of 2H MoS2, there is only one Mo atom in one
unit cell area occupied on the substrate, therefore, the areal density of Mo atoms in one
layer film should be:
1
= 1.16 × 1019 𝑚−2
8.67 × 10−20 𝑚2
The Mo atoms transferred from MoO2 to MoS2 film should be also6.81 × 1019 𝑚−2 ,
assuming no Mo evaporation:
6.81×1019 𝑚−2

Then the layer number of MoS2 should be: 1.16×1019𝑚−2 = 5.87 layer
So MoS2 converted from 3nm thick MoO2 film should have 5.87 layers on average.
According to our TEM cross section characterization, the layer distance is 0.582 nm. Then
the calculated thickness of MoS2 is5.87 × 0.582 = 3.42 𝑛𝑚, which is a little higher than
the 3 nm obtained from the TEM characterization. This is reasonable, since our calculation
of MoO2 film is based on ideal single crystalline structure. However, any deposited
epitaxial film should contain some defects or strains. These defects and strains inside the 3
nm thick MoO2 film means that the actual number of Mo atoms per area is less than 6.81 ×
1019 𝑚−2, MoS2 film thickness is actually smaller.
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According to the non-ideal single crystal structure of real epitaxy MoO2 film and our
calculation about the volume expansion based on the ideal single crystal model, we
conclude that almost no precursor film evaporates away from the substrate.
2.4.5. (S)TEM characterization of PC and QSC MoS2 film
The crystal structures of both PC and QSC MoS2 were characterized by (S)TEM
using transferred films on Cu grids with lacey carbon film (marked with red arrows Figure
2.19-20), as illustrated in Figure 2.19-21.

Figure 2.19. SAED of PC MoS2 films converted from amorphous MoO2 films (a) lowmagnification TEM (b) SAED(from a red circle in (a)) for MoS2 conversed from MoO2
growth at RT on (001) Al2O3. (c) LR TEM (d) SAED SAED (from red circle in (c))
characterization for MoS2 conversed from MoO2 growth at 300 oC on (001) Al2O3 . (e)
low-magnification TEM (f) SAED (from red circle in (c)) characterization for MoS2
conversed from MoO2 growth at 400 oC on (1-120) Al2O3 substrate. (Red arrows towards
lacey carbon film)
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Figure 2.19 presents the low-magnification TEM image and relevant selected area electron
diffraction pattern (SAED) of the PC MoS2 films, which are converted from amorphous
MoO2 films RT grew on (001) Al2O3 (Figure 2.19a), 300 oC grown on (001) Al2O3 (Figure
2.19c) and 400 oC grown on (1-12) Al2O3 substrates(Figure 2.19e). The observed ring
patterns in the corresponding SAED (in Figure 2.19b, d, f) means many random crystallite
orientations inside MoS2 film, confirmed the PC nature of these MoS2 films. Thus, we
conclude that the precursor film's amorphous structure resulted in the PC structure of
converted MoS2 films.

Figure 2.20. SAED from different areas of QSC MoS2 films (a) low-magnification TEM
images marked with 5 red circles (b) low-magnification TEM images marked with 1 red
circle with diameter 20 20 µm (c-g) SAED characterized from red circle areas marked with
1, 2, 3, 4, 5. (All the selected area with the diameter 20 µm)
The low-magnification TEM image in Figure 2.20a-b displays the QSC MoS2 film
converted from the epitaxial MoO2 film, marked with red circle areas for the SAED
characterization. We should emphasize that all the locations used to collect the SAED
patterns have large diameters, up to 20 µm (illustrated in Figure 2.20b), which is the upper

66
limit of our TEM instrument. SAED patterns in Figure 2.20 c-g show a single-crystal-like
diffraction pattern with a hexagonal structure corresponding to MoS2. The five separate
locations for the SAED, marked with red circles in Figure 2.20a, confirmed that in all five
locations, the MoS2 film exhibits a QSC structure. The total sample area from which we
collected electron diffraction data for the QSC MoS2 can thus be estimated to be around
1,500 µm2, which indicates that the MoS2 films indeed have a QSC structure at the wafer
scale.

Figure 2.21. HRTEM characterization of PC and QSC MoS2 film. (a) low-magnification
STEM image (b) atomic resolution STEM image and inset SAED of PC MoS2 film. (c lowmagnification STEM image (d) atomic resolution STEM image and inset SAED of QSC
MoS2 film. (e-f) HR-STEM HAADF images with a different magnification of QSC
structure.
Figure 2.21 compared the crystalline orientation of the PC and QSC MoS2 film at
an atomic resolution. According to Figure 2.21a, the grain size is estimated to be 20 to 50
nm, which is consistent with the XRD analysis, indicating a high density of grain
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boundaries and large variations in the angles of the crystal domains, as depicted in Figure
2.21b. On the other hand, the distinct diffraction spot pattern in the inset in Figure 2.21c-d
indicates a single-crystal-like MoS2 film. However, the slight elongation of the diffraction
spots points to the presence of small-angle (1-2º) grain boundaries within MoS2 monolayers
as depicted in Figure 2.20. This type of QSC structure has been observed before in the
synthesis of other materials [22-25]. Figure 2.21e presents the HR STEM HAADF images
of the QSC MoS2, with a zoom in on a specific area in Figure 2.21f. The honeycomb-like
2H MoS2 phase structure is clearly evident in the image.
2.4.6. Uniformity and continuity of the MoS2 film
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Figure 2.22. Wafer-scale uniformity of the MoS2 film (a) Optical image of the film before
transfer with five marked areas. (b) Raman spectra were measured at the five points marked
in (a). (c) optical image of the Raman mapping area (d-f) Raman mapping of peak positions
of E12g and A2g vibration modes and the Δω. Scale: 10 µm. (g-i)The frequency counts for
all the data in the Raman mappings in (d-f), respectively.

Figure 2.23. AFM line profiles and corresponding AFM images at five points marked in
Figure 4 (a). Scale bar: 1 µm.
To verify the thickness uniformity of the MoS2 films, five locations were chosen
on the 2-inch wafer marked as 1), 2), 3), 4), and 5) in Figure 2.22a and used for the Raman
and AFM line-scan characterizations. The Raman spectra at the marked points are indicated
in Figure 2.22b. The positions of the Raman peaks are almost the same for all five spots,
with a fixed peak separation of approximately 25 cm-1. The AFM images and
corresponding line profiles from these different areas are presented in Figure 2.23, which
further confirms the thickness uniformity over a wafer scale. The thickness of this MoS 2
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film was found to be around 3 nm, which is consistent with the TEM characterization. Also,
a randomly selected area (50×50 µm) was selected for Raman mapping. Figure 2.22c
displays the selected area's optical image, while Figures 2.22d-f display the Raman
mapping results of the peak positions of E12g and A2g vibration modes and their peak
difference Δω. Uniformed mapping contrasts and narrow distribution of the peak positions
(Figure 2.22g-i) confirm the microscale's uniformity.
2.4.7. Transfer of the MoS2 film

Figure 2.24. Transfer process of the MoS2 film. Optical images of 2-inch wafer-scale MoS2
films transferred onto (a) SiO2 (300nm)/Si++ (b) Glass (c) PET substrates.
The QSC MoS2 film deposited over the 2-inch wafer could be successfully
transferred onto SiO2 (300 nm)/Si, glass, and PET substrates, as illustrated in Figures
2.24a-c. The transfer process is illustrated in detail in the 2.3.3 section. This process
indicates that the wafer-scale QSC MoS2 film could be transferred and used in the
fabrication of Si-based, transparent, and flexible electronics.
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2.4.8. Electronic performance of the PC and QSC MoS2 film

Figure 2.25. TFT performance comparison between QSC and PC MoS2 channel. Output
curves of (a) PC MoS2 (b) QSC MoS2 TFTs. (c) logarithmic for both and linear-scale
transfer curves (d) PC (e) QSC MoS2 TFTs measured at gate voltage of 1 V. (f) Mobility
distribution of 32 devices of PC MoS2 and 46 devices of QSC MoS2 TFTs.
A comparison of the electronic properties between QSC and PC MoS2 film was
performed by fabricating thin-film transistors. Top gate transistor device was fabricated on
the as-synthesized MoS2 film on a sapphire substrate (both QSC and PC), using HfO2 as
gate dielectrics and Au/Ti as both the S/D contacts and gate (G). A typical device with
channel length/width (L/W) = 90/50 µm was used for the transistor performance
comparison in Figures 2.25a-e. The capacitance per unit area of HfO2 dielectric (60 nm)
was measured and calculated to be 2.7×10-7 F/cm2 with a metal/insulator/metal (MIM)
structure. Figures 5a-b depict the PC and QSC MoS2 devices' output curves, where ohmic
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contact, linear, and saturation regions can be observed. In addition, both MoS2 films display
n-type semiconductor behavior. The logarithmic plots of the transfer curves with SD
voltages of 1 V and 0.1 V (Figure 2.25c ) demonstrate the on-current to off-current (Ion/Ioff)
ratio to be around 105 for QSC MoS2 devices, but only 102 for the PC. The linear plots of
the transfer curves are presented in Figure 2.25d for the PC and Figure 2.25e for the QSC
TFTs. On the one hand, the field-effect mobility of QSC TFTs was calculated to be 8.85
cm2·V-1s-1, which is comparable to that from CVD methods [23]; on the other hand, the
mobility of the PC MoS2 film was only 0.13 cm2·V-1s-1 for PC film, and this is a similar
magnitude as that in previous reports [25,26]. Figure 2.25f, which includes data from 46
QSC and 34 PC devices with different channel widths and lengths, indicates that the QSC
MoS2 devices have the mobility that is about 35 times higher than that of PC MoS2 devices.
The large difference in electrical performance between the QSC and PC MoS2 film devices
can be attributed to at least two reasons. One factor is the quasi-single-crystalline quality
of the MoS2 films obtained using epitaxial MoO2, which leads to only smaller angle grain
boundaries or fewer planar defects. However, the high density of large-angle grain
boundaries and defects in PC MoS2 film is formed and inherited from the amorphous
precursor film. This can result in enhanced carrier scattering in the PC MoS2 films.
Furthermore, our results reveal that the surface roughness of the PC MoS2 is twice as large
as that of the QSC films, which may lead to surface roughness-induced scattering of
carriers, thereby leading to lower mobility.
2.5. Conclusion
In conclusion, wafer-scale MoS2 films were successfully prepared by a two-step vaporsolid phase reaction (VSPR) process. The structure, morphology, and uniformity of the
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films were optimized over 2-inch wafers by varying the laser deposition and sulfurization
process conditions. By controlling the precursor MoO2’s film crystallinity, we could
produce quasi-single-crystalline or polycrystalline 2D MoS2 at the wafer scale. The quasi
single crystalline MoS2 film on a 2-inch wafer demonstrated significantly enhanced
electrical performance, compared to PC MoS2 films. They also demonstrated better
performance than all previously reported MoS2 films prepared by other two-step MoS2
formation processes.
The above results show that our EPC process can, in principle, be used to achieve 2D
material growth on the wafer-scale. However, we still have not yet realized uniform and
continuous MoS2 film with a single layer thickness at the wafer-scale. We figured out a
solution to this challenge by carefully controlling the sulfurization process. Details are
discussed in Chapter 3. Another challenge is the thicker MoS2 film (above 4.5 nm) shows
heavy in-plane rotation texture through the epitaxial phase conversion process. Thus we
developed a capping layer annealing process (CALP) to minimize the defects in MoO 2
film. Thus, we could get texture-free single-crystalline thicker MoS2 film. The details will
be discussed in Chapter 4.
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Chapter 3. High-Performance Monolayer MoS2 Films at the Wafer
Scale by Two-Step Growth

3.1. Summary
To realize multifunctional devices at the wafer scale, the growth process of the
monolayer (ML) 2D semiconductors must meet two essential requirements: (1) growth of
continuous and homogeneous ML film at the wafer-scale and (2) controllable tuning of the
properties of the ML film. However, there is still no growth method available that fulfills
both of these criteria. Here we present the first report on the preparation of continuous and
uniform ML MoS2 films through a two-step process at the wafer scale. Unlike in previous
ML MoS2 film growth processes, the ML MoS2 film could be uniformly modulated across
the wafer in terms of material structure and composition, exciton state, and electronic
transport performance. A significant result is that the high-quality wafer-scale ML MoS2
films realized superior electronic performance compared to reported two-step-grown films,
and it even matched or exceeded reported ML MoS2 films prepared by other processes.
The optimized ML film's transistor performance achieves field-effect mobility of 10 to 30
cm2·V-1s-1, an on/off current ratio of about 107, and hysteresis as low as 0.4 V.
3.2. Introduction and background
2D ML chalcogenide films are more remarkable than their fewer-layered
counterparts. Because reducing the thickness of 2D chalcogenide film to only a single layer
breaks the lattice inversion symmetry,[49] and the bandgap is transformed from an indirect
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to a direct gap.[50] This transformation endows it with novel optical and electrical
properties.[51] Mainly, excitons in ML 2D chalcogenides are not only present as
electroneutral (i.e. the same as other materials)[52,53] but can also be bonded with
electrons and holes (charged excitons or trions) with giant exciton binding energies, which
are unique in 2D ML films [54-56]. These novel physical phenomena of ML MoS2 can be
excited by light and controlled by an electric field [56,57]. Therefore, the mutual
conversion of light and the electrical signal can enable data processing and storage on the
sole basis of ML 2D chalcogenides. Besides traditional optoelectronic devices, novel
devices based on controlling excitons (i.e. exciton flux) have recently been reported
[58,59]. Although such properties of ML chalcogenide have been verified, they may not
require exactly the same quality of ML 2D films. For example, transistors may need highquality films with fewer electron scattering centers[20], while luminescent devices may
need more active sites for an exciton recombination luminescence center [60,61], and some
chemical sensing devices may require more defective sites to sense special molecules[62].
Thus, to grow 2D ML films that are suitable for various device applications, two conditions
are necessary in the 2D ML film growth process: (1) Two-dimensional ML films should
be continuous and homogeneous at the wafer scale, and (2) tuning the structural, exciton,
and electronic properties of the ML films should be possible during the growth process to
achieve the optimal ML film properties for the desired application.
Previous research has yielded continuous and homogeneous ML MoS2 films that
were grown at the wafer-scale through a variety of methods, such as MOCVD[20],
magnetron sputtering (MS) [63], MBE [19], CVD [18,23], and layer-resolved splitting
(LRS) [64]. Most of these reports have focused on an attempt to realize continuity and
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uniformity at the wafer scale. However, these films' uniformity is sensitive to fluctuations
in the growth parameters, which has made it difficult to tune their properties in scaled-up
processes. Therefore, it is necessary to develop methods to engineer the structural,
excitonic, and electronic properties of 2D ML chalcogenide without compromising
continuity and homogeneity. The present report details a two-step growth process that is
based on a sulfurization process of molybdenum (Mo)-containing (Mo metal[24] ,
oxides[27], or compounds[30,39]) precursor films at an elevated temperature.
The two-step process of creating 2D ML films has consistently suffered from two
major drawbacks (see Table 3.1): (1) discontinuity when the film thickness is reduced to a
single layer, and (2) poor-quality films, which result in inferior electronic device
performance. However, in this study, we have developed a novel two-step process that
resolves both of these issues. The ML MoS2 films were successfully prepared continuously
and homogeneously on a 2-inch sapphire substrate. Electronic devices of the optimized
ML film revealed high performance that is comparable to that of the ML film that was
prepared through the aforementioned methods. Our process is capable of maintaining the
continuity and homogeneity of the ML films at the wafer scale, and modulating the
structural, excitonic, and electronic properties, and laser-induced PL enhancement.
3.3. Experimental Section
3.3.1. Fabricating ML MoS2 film by two-step process
Atomic-thin epitaxial MoO2 film preparation: Epitaxial MoO2 films with thickness
0.63 nm (20 laser shots) and 1.26 nm (40 laser shots) were deposited on 2-inch (001) Al2O3
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substrates (Cryscore) by an optimized pulsed laser deposition process. The details could be
found in a previous report. [65]
Conversion from MoO2 to ML (BL) MoS2 film: The precursor epitaxial
MoO2/sapphire wafer was placed in a cleaned quartz boat and loaded into the right zone of
the 3-zone tube furnace. It should be noticed that the precursor film should be quickly put
inside the 3-zone tube furnace for conversion since the atomically thin MoO2 film is
sensitive to oxygen and moisture. Argon was provided as the carrier gas during
sulfurization; sulfur powder (Fisher Scientific) was put in the tube furnace's left zone,
which is the upstream side of Ar flow. The MoO2 film relative position to the Ar flow
direction is one of the most critical parameters in order to realize continuous and
homogeneous ML film at the wafer scale. Before starting the conversion process, Ar gas
should be purged several times in order to remove the oxygen in the quartz tube, then
keeping the Ar gas flow at 100 sccm. The pressure inside the tube should be kept at 5-10
torr. The left zone should be heated up to 150 oC in 10 min to keep constant S vapor in the
Ar gas flow. The right zone was heated up to the elevated temperatures (500 to 1,000 oC)
with a heating rate of 20 oC /min, then keeping the elevated temperatures 1 hr for the
conversion process. The 3-zone furnace should be cooled down to RT once the process is
completed.
3.3.2. TFT devices fabrication
The ML MoS2 film was dry-etched to get the channel pattern. S/D and gate
electrodes were deposited using Ti/Au with thickness 10/50 nm and patterned by a lift-off
process. HfO2 dielectric (60 nm or 30 nm thick) was deposited by ALD at 160 oC.
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Deionized water and Tetrakis (dimethylamido) hafnium (IV) precursor (Sigma-Aldrich)
were used as the oxidization and Hf source. Once the device was fabricated, the annealing
process was performed in a quartz furnace with a temperature of 200 oC in 2 hr. The inner
atmosphere was protected with Ar/H2 gas at a flow rate 40/5 sccm in low pressure.
3.3.3. Characterization
Optical images were captured using a Nikon DS-Fi2 microscope. Raman & PL
spectra and maps were characterized using Horiba Aramis Raman spectrometer (Horiba
Scientific), with an excitation source of visible light of wavelengths of 473 nm and 532
nm. XPS spectra of ML MoS2 grown at different temperatures were measured in a Kratos
Axis Ultra DLD spectrometer. The thickness, continuity, and homogeneity of ML or BL
MoS2 film were characterized by AFM (Bruker, Dimension Icon SPM). Performances of
ML MoS2 film based transistors were measured by semiconductor device analyzer (Agilent
B1500A).
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3.4. Results and Discussion

Figure 3.1. Schematic of 2 inch ML)MoS2 film growth process (a) 2-inch bilayer(BL) and
ML MoS2 films with AFM height images and line scan profiles (b) schematic illustration
from MoO2 to MoS2 film.
Figure 3.1 displayed the ML and BL MoS2 wafers and the schematic of the twostep process. As we can see in Figure 3.1a, the left is a 2-inch BL film with a thickness of
1.46 nm, the middle is a 2-inch ML film with a thickness of 0.72 nm, and the right is the
bare sapphire substrate (see AFM line scan inset). The color difference between the BL
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and ML MoS2 films can be clearly identified. Figure 3.1b illustrated the general two-step
process: The MLMoO2 film was grown with the epitaxial growth parameters using the PLD
system. Then, a sulfurization process was performed to convert the MoO2 into an ML MoS2
film. Engineering of the ML MoS2 film uniformity and optoelectronic properties would be
discussed in the following sections.
3.4.1. Homogeneity and continuity of ML MoS2 film at the wafer-scale
The growth of wafer-scale ML MoS2 film has always posed a challenge, especially in
the two-step process. Diverse precursor films have been developed for sulfurization, but
most of them yield discontinuous films in the process of conversion (sulfurization) into
ML MoS2 film (Table 3.1). However, through our approach, we realized an ML MoS2 film
with wafer-scale continuity by carefully controlling the Ar/S vapor flow during
sulfurization. We discovered that minimizing the Ar/S flow dynamic disturbance of the
sulfurization step could produce homogeneous and continuous ML film at the wafer-scale
(see Figure 3.2). The following text discussed process optimization details.
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Figure 3.2. Influence of Ar/S flow on the uniformity of BL MoS2 film. The sample surface
is a) parallel b) away from c) facing the flow. d) Corresponding BL film morphologies.
The sulfurization process was performed in a 3-zone quartz tube furnace, where the
sulfur source was put in the up-flow area, and precursor MoO2 film was positioned in the
down-flow area. Pure Ar gas as the carrier brought the sulfur vapor to the MoO2 precursor.
Sulfurization happens once the temperature of the MoO2 sample reached 500 oC. The
elevated temperature helps the sulfurization reaction and accelerates the mass transfer on
the substrate. At the same time, the Ar/S vapor flow has an apparent influence on the mass
transfer on the surface of the sample. However, ML MoS2 film itself could be regarded as
the surface of the sample. This means the Ar/S vapor flow must be one of the major factors
affecting the continuity of the ML MoS2 film. Thus we regard this factor as the reason why
most of the two-step growth process cannot realize continuous ML MoS2 film. Based on
the above speculation, we made some modifications to the position of the precursor MoO2
sample. As depicted in Figure 3.2a and c, when the surface of the sample was put parallel
or faced to the gas flow direction, the converted MoS2 film is not uniform, which can be
easily seen by eyes. When the sample surface is away from the gas flow, the converted
MoS2 film is uniform over all the 2-inch wafer shown in Figure 3.2b and d. This means
that when the sample surface is away from the gas flow, its effect on the mass transfer
during the sulfurization could be well minimized. Therefore, continuity of the ML MoS 2
film could be realized through a two-step process. In principle, with access to a large
enough space in a sealed reactor with a highly pure and static Ar/chalcogen atmosphere,
high-quality ML chalcogenide film wafers could be easily realized in batch production.
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Table 3.1. Transistor performance of MoS2 films fabricated by a two-step process.
Precursor

Post treatment

film

Gas|Tem.(oC)

MoO3
by TEb)

ML
Con.
a)

Ar/H2/S|1,000

-

Ar/H2/S|1,000

-

µFE

𝐼𝑂𝑁
𝐼𝑂𝐹𝐹
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0.8

105

-

-

BG TFT

4.7

106

-

-

PD f)

-

-

-

-

Device
structure
BG

[cm2·V-1s1

]

VTH

Yea

(V)

r
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TFT

DC d)
(NH4)MoS

Ref

201
2

[26]

201
2

[30]

4

MoO3

by N2/S|750

4.5

EBE e)

mm

Mo by EBE H2S/N2|1,000

-

BG TFT

3

106

-

-

Ar/S|850

-

-

-

-

-

-

Ar/H2|700

-

PD

-

-

-

-

1.32

106

-

-

MoOx

by

ALD g)
ATM+
L-PEIh)
Mo

by

RFSPj)
MoO3

by

RFSP

TG

i)

Ar/S|900

-

Ar/H2|900

-

BG TFT

0.8±0.2

105

-

+20

-

TG TFT

0.3

102

-

-

11.7

107

1.2

1.4

TFT

AmoMoO2

by Ar/S|900

PLD
Epi-MoO2
by PLD

Ar/S|900

2 inch TG TFT

201
6

[66]

201
6

[24]

201
6

[27]

201
7

[39]

201
7

[25]

201
7

[29]

201
9

[65]

This work

a) ML Con.: Continuity of the monolayer film (at wafer scale or not); b) TE: Thermal
evaporation; c) BG: back gate (thin film transistor); d) DC: dip-coating; e) EBE: e-beam
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evaporation; f) PD: photo detector; g) ALD: atomic layer deposition; h) ATM + L-PEI:
anhydrous ammonium tetrathiomolybdate + precursor and linearpoly(ethylenimine); i) TG:
top gate (thin film transistor); j) RFSP: radio-frequency magnetron sputtering.

Figure 3.3. Influence of Ar/S flow on the uniformity of BL MoS2 film. (a) Maps of the
Raman characterization on BL (left) and ML (right) MoS2 samples. Raman
Characterization of (b) BL (c) ML MoS2 film. (d) PL spectra comparison of BL and ML
MoS2 films.
The uniformity of the MoS2 film is confirmed in Figure 3.3. Since the two-step
process offers the outstanding advantage of controlling the layer number (thickness) at the
wafer scale, we verified both the BL and ML film uniformity at the wafer scale. Figure
3.3a depicts BL and ML films grown at the wafer-scale; both samples appear uniform, as
confirmed by Raman spectroscopy. Figure 3.3b shows the Raman peaks of the BL film,
which were obtained from the seven selected points that are marked in Figure 3.3a left
picture. Notably, all locations exhibit a Raman peak difference of 21.3 cm-1, consistent
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with the value reported for BL MoS2 flakes[67]. The Raman characterization in Figure 3.3c
indicates that the sample in the right picture in Figure 3.3a has a peak difference of 19.2
cm-1 across all seven points, confirming that single-layer MoS2 was also uniformly grown
at the wafer scale. Figure 1d reveals that the right sample has a much stronger PL intensity,
which is almost 20 times higher than the left sample's intensity in Figure 3.3a. This result
is consistent with the previously reported unique ML MoS2 PL properties[45]. It also
indicates that the MoS2 film with one ML thickness was successfully grown at the wafer
scale.

Figure 3.4. Optical images in the submillimeter scale of ML MoS2 film patterns at different
positions on one wafer. Scale bar: 500 µm.
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Figure 3.4 presents patterns of ML MoS2 with different shapes, which were
patterned by dry etching as described in the methods section. The patterns were collected
(at the sub-millimeter scale) through an optical microscope at several multiple locations on
the wafer. All of these large-scale patterns present uniform color contrast, indicating the
uniformity of the films at the wafer scale.

Figure 3.5. Photo of 2-inch wafer scale ML MoS2.

Figure 3.6. PL mapping of ML MoS2 film at 4 different points in Figure 4 (a) PL intensity
mapping at four areas (color bar unit: counts) (b) PL peak position mapping at four areas.
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To verify the continuity, we performed PL mappings on the non-patterned ML
MoS2 film on four selected areas (see red marking in Figure 3.5). Figure 3.6 provides the
relevant PL intensity and position mappings with a 200-nm spatial resolution. The strong
PL intensity in Figure 3.6a, which originated from the unique ML chalcogenide film
luminescence property, was uniform for all four mapping areas. Besides, the corresponding
PL peak positions are uniformly located at 1.86 eV (see maps in Figure 3.6b), which is the
direct bandgap of ML MoS2 film. This result further indicates the uniform and continuous
nature of the ML film.[68]

Figure 3.7. (a) Optical images, (b) phase, and (c) height AFM images of ML MoS2
patterned with different shapes such as square, triangle, circle, and concentric annulus.
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5
Figure 3.8. E12g and A1g Peak position Raman mapping (color bar unit: cm-1) and peak
intensity mapping (color bar unit: counts) of (a) Square (b) triangle (c) circle patterned
shapes.

Figure 3.9. Advantages of two-step ML MoS2 film growth at wafer-scale (a) CVD growth
ML MoS2 film with multilayer islands, (b) two-step growth ML MoS2 film free of islands.

Further characterizations using an Optical microscope, AFM (Figure 3.7), and
Raman mapping (Figure 3.8) were performed on the randomly selected square, triangle,

87
circle, and concentric circular patterns. In their optical images in Figure 3.7a, the color
contrast is uniform and monochromatic. The AFM height (see Figure 3.7b) and phase (see
Figure 3.7c) images demonstrate the continuous smoothness of these shapes compared to
the discontinuous dot-like area, which resulted from dry etching. Also, the E2g and A1g
Raman peak position and intensity mappings of square (Figure 3.8a) triangle (Figure 3.8b)
circle (Figure 3.8c) patterned shapes were characterized with a nanometer-scale resolution
(200 nm) to capture the color uniformity in these patterned shapes. All of these optical,
AFM, Raman, and PL mappings resulted in different shapes and locations of the wafer,
which evidences the uniformity of our ML films at the wafer scale. Besides, compared to
the CVD process, which cannot avoid the few-layer island growth on the ML MoS2 film,
the ML MoS2 film two-step grown at the wafer-scale is continuous without any few-layer
islands, as illustrated in Figure 3.9.
3.4.2. Composition modulation of ML MoS2 film

Figure 3.10. XPS of ML MoS2 sample grown at different temperatures (a) Normalized and
fitted Mo-3d (left curves), S-2p (right curves) (b) Mo6+ / Mo4+ ratio vs sulfurization
temperatures.
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One of the remarkable advantages of the two-step process is that this method can
realize the composition and structure engineering of ML MoS2 film without losing the
uniformity and continuity. XPS spectra in Figure 3.10 semi-quantitatively indicate the
compositional change of ML MoS2 films that were grown at different temperatures. Figure
3.10a presents the intensity-normalized XPS curves with Lorentzian-Gaussian fitting of
both Mo-3d (left curves) and S-2p (right curves) elements when the precursor MoO2 films
were sulfurized in the range of 500 to 1,000oC. By fitting and analyzing the Mo-3d curves,
the Mo element peaks with both the oxidation state (Mo6+-3d) and sulfurization (Mo4+-3d)
could be discerned. Mo4+-3d3/2, Mo4+-3d5/2, and S-2s exhibit peak positions at 232.8, 229.7,
and 226.6, respectively. Also, S-2p1/2 and S-2p3/2 peaks are observed at 163.7 and 162.5
eV, respectively, in the S-2p spectra. It should be noted that the peak positions do not
display obvious change under different sulfurization temperatures. These results indicate
that the MoS2 film could be obtained in the entire temperature range (500-1,000 oC).
However, the Mo6+-3d and Mo4+-3d reflect a clear intensity change, which implies that a
change occurred in the oxidation state ratio. To determine the composition change, we
plotted the integral intensity ratios between Mo6+ and Mo4+ peaks versus the sulfurization
temperature in Figure 3.10b. Through nonlinear curve fitting, we discovered that the
oxidized state in MoS2 film attenuates exponentially with an increase in temperature from
500 to 1,000oC.

89
3.4.3. Excitons modulation of ML MoS2 film

Figure 3.11. Raman and PL of ML MoS2 grown at different temperatures. a) Raman b)
FWHM of E2g and c) peak positions of E2g and A1g vs conversion temperatures. d) PL
spectra with Lorentzian-Gaussian fitting. e) Neutral exciton (X, orange dots) and trion (X, dark yellow dots) peak position differences (inset: the integrated intensity ratio of IX- /
Itotal) vs conversion temperatures. f) Relation between nel and IX- / Itotal calculated by the
law of mass action. g) ML MoS2 electron density nel values derived from PL spectra and
electronic devices reported at recent years and this work.

The structural variation of the ML MoS2 film under different temperatures was
further monitored through Raman and PL (see Figure 3.11-15). Meanwhile, the resulting
change in the exciton and optoelectronic properties could be explored from these spectra.
Figure 3.11a depicts the Raman spectra with peaks at E12g and A1g, which correspond to inplane and out-of-plane vibration of S–Mo–S, respectively.[67] From the line width of E12g,
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we could derive information about the crystalline quality of ML films.[69] As Figure 3.11b
illustrates, the line width of E12g decreased as the sulfurization temperature increased from
500 to 800 oC, which suggests that the crystalline quality was enhanced by increasing the
sulfurization temperature. However, the E12g line width hardly changed at temperatures
higher than 800 oC; therefore, the high crystalline quality of ML MoS2 can be achieved by
using a sulfurization temperature above 800 oC. The E12g peak position (black curve in
Figure 3.11c) conveys almost no shift as sulfurization temperature changes. However, an
obvious red shift was observed in the A1g peak position (orange curve in Figure 3.11c)
when the temperature was between 800 and 1,000 oC, which implies that films obtained
above 800oC have a more n-type doping level [70,71]. Thus, exciton-related optoelectronic
properties might also be modulated when preparing the ML MoS2 film under different
sulfurization temperatures.
To modulate the excitons of small-size ML MoS2 flakes, various methods have been
applied, including chemical treatment (TFSI,[60] p-type F4TCNQ and n-type NADH[72]),
plasma treatment [61], molecular physisorption (O2, H2O) [73], thermal-annealing[61], αparticle[74] or laser irradiation [75,76], electric field tuning [77], dielectric screening [78],
and changing substrates with different electron affinities [79]. All of these reported exciton
modulation methods are based on additional physical and chemical treatment on the
exciting small-size ML flakes.
Our process differs from the above methods is that we realized the exciton
modulation by directly modifying the growth parameters of ML films at the wafer scale.
This outcome can facilitate the fabrication of exciton-based optoelectronic integrated

91
devices. Figure 3.11d depicts the PL curves with Lorentzian-Gaussian fitting of ML MoS2
films converted at different temperatures. The peak A in PL spectra (Figure 3.11d) were
de-convoluted into peaks of negatively charged excitons (or trions) (X-, dark yellow curves)
and neutral excitons (X, orange curves). B peaks (violet curves) correspond to the valance
band splitting that was induced by spin-orbital coupling[72]. Figure 3.11e depicts the
positions of X (orange dots) and X- (dark yellow dots) versus sulfurization temperatures.
The average position difference between X and X- is about 40 meV, which is usually taken
as the trion binding energy, and this value is consistent with previous reports [64,77]. The
inset in Figure 4e presents the change in integrated intensity ratios of IX-/Itotal alongside the
different conversion temperatures. Figure 3.11f displays the relation between nel and IX/Itotal (calculation discussed below paragraph). Thus, the values of electron doping density
nel corresponding to certain IX-/Itotal could be extracted from Figure 3.11f. The electron
doping level increased from 1.07×1013 to a maximum of 7.7×1013 cm-2, when the
sulfurization temperature increased from 600 to 800 oC. Then, it dropped to 2.8 ×1013 cm2

with a further temperature increase to 1,000 oC. Figure 4g provides a comparison of nel

values in this work versus previous reports. The red points are the nel values as derived by
PL photoexcitation [72,75,80-82]. The black points are the nel values obtained through
electronic device drain currents [81,83-87]. Notably, all of these reports used singlecrystalline ML MoS2 flakes (exfoliated or CVD grown) as research objects. Since nel values
in this work are also derived from PL photoexcitation, it is more reasonable to compare
them tjko the red-point nel values (Figure 4g). Apparently, ML MoS2 films that were grown
at 800 and 900 oC in this work have nel values that are close to those of ML singlecrystalline MoS2 flakes. However, ML films that were grown at 600, 700, and 1,000 oC
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possess much lower electron doping densities. Moreover, Figure 3.11g indicates that the
reported nel values derived from electronic device drain currents exhibit almost one order
of magnitude less than that of PL spectra, which is a recently reported phenomenon
[81].We demonstrated that the electron doping level of the wafer-scale ML MoS2 film
could be engineered by simply varying the experimental parameters in the two-step growth
process through analysis of the PL characterization above.
Electron doping density (nel) could be extracted out from the integrated intensity
ratio (IX-/Itotal) combining with trion binding energy, through the law of mass action. Two
relevant equations are involved shown as follows: [72,88]
𝑁𝑋 𝑛𝑒𝑙
𝑁𝑋−

𝐼𝑋−
𝐼𝑡𝑜𝑡𝑎𝑙

𝑚 𝑚

𝐸

= (𝜋ℏ2𝑋𝑚 𝑒− ) 𝑘𝐵 𝑇 (𝑘 𝑏𝑇)
𝑋

=

𝛾𝑡𝑟 𝑁𝑋−
𝛾𝑒𝑥 𝑁𝑋
𝛾 𝑁 −
1+ 𝑡𝑟 𝑋
𝛾𝑒𝑥 𝑁𝑋

𝐵

𝑎𝑛

= 1+𝑎𝑛𝑒𝑙
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(1)

(2)

𝑁𝑋 & 𝑁𝑋 − are populations of neutral excitons and trions, respectively. 𝑚𝑋 & 𝑚𝑋 − are the
effective mass of neutral excitons and trions, with the value of 0.8𝑚0 and 1.15𝑚0
respectively (𝑚0 is the effective mass of the free electron). ℏ is the reduced Planck’s
constant, 𝑘𝐵 is the Boltzmann constant, and T is the temperature. 𝐸𝑏 is the trion binding
energy. 𝛾𝑡𝑟 & 𝛾𝑒𝑥 represent the radiative decay rate of the exciton and trion, which value
usually were taken as with no difference, since no research has yet been done on it. The
value of the a has a close relation to the trion binding energy. Since the average trion
binding energy was analyzed as 40 meV, as depicted in Figure 3.11e, a value was
calculated as 4.46 × 1014.
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Figure 3.12. (a) PL measurement of ML MoS2 repeating at the same point with 9 times.
(b) Repeated PL spectra were measured in the same position as that in Figure a
(measurement # 10 to #19). (c) PL peak intensity and position changes vs repeating counts,
inset is repeating PL (Laser power 3.1 mW) another 10 times 1.5 hr after first-round 10times measurement. ((a-c) are based on ML MoS2 film converted at 900 oC). (d) PL
measurement repeating at the same point for ML MoS2 films converted at different
temperatures.
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Figure 3.13. PL measurement repeated at the position with different laser power (a) 0.62
mW (b) 3.1 mW (c) 6.2 mW.

Figure 3.14. PL peak intensity vs repeating count plot.

Figure 3.15. Raman measurement on the same position before and after 9 repeated PL
measurements on the ML MoS2 film with conversion temperature 600 oC.
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Laser irradiation has been employed as a method for realizing PL enhancement and
quenching in ML MoS2 flakes (deposited by CVD and exfoliation) [75,76]. This PL
dynamic change induced by laser irradiation could help to infer the dynamic evolution of
the excitons and, thus, corresponding changes in surface absorption and the material
structures of ML flakes. A similar PL evolution phenomenon was detected in our two-stepgrown ML film. Initially, we tried to perform a PL measurement repeatedly on the same
position of 900oC-grown ML film. The measurement was performed for 48 seconds with
a laser wavelength of 473 nm and a laser power of 6.2 mW. We realized PL enhancement
in the first nine repetitions, as depicted in Figure 3.12a. However, PL quenching occurred
in the subsequent measurements (PL spectra are presented in Figure 3.12b). Figure 3.12c
illustrates the PL intensity (orange curve) and position changes (dark yellow curve) versus
the measurement repetition. The PL intensity exhibited rapid enhancement in the first four
counts and then slowly increased until the ninth count, which is likely due to p-type doping
that results from the physical and chemical absorption of O2 and H2O. Thus Fewer excitons
were charged as trions, which led to enhanced PL intensity [76]. This effect could be
indirectly inferred from the shift in the PL peak toward the X exciton peak position (dark
yellow curve in Figure 3.12c). Damage to the ML film structure due to laser-heatinginduced oxidization might have been the catalyst for the subsequent PL quenching between
the 9th and 19th measurements [76]. The inset of Figure 3.12c contains the PL measurement
with lower laser intensity (power of 3.1 mW) and two consecutive measurements at the
same points of the film (the waiting time was 1.5 hours between the first and second
measurements). PL enhancement in the second measurements (orange curve) started at a
PL intensity that was 40% less than that of the 9th measurement of the first run. This result
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might indicate laser-induced absorption of O2 and H2O is partly reversible [75]. Figure
3.13-14 illustrates the PL enhancement under different laser intensity measurements. We
performed the same PL measurements on ML film that was converted at other
temperatures. As Figure 3.12d depicts, the PL enhancement degree differed when the films
were prepared at different sulfurization temperatures. For example, the 600oC-prepared
film displayed only PL quenching with repeated measurement, which may be due to the
higher risk of damaging the less crystallized structure under laser irradiation, as the Raman
spectra in Figure 3.15 confirm. The films prepared between 700 and 900 oC exhibited some
PL enhancement with repeated PL measurement, while almost no PL intensity changes
occurred with repeated PL measurements on the 1,000 oC-prepared films. The relevant
physical-chemical evolution and corresponding structure, exciton, and electron changes
with repeated PL measurements are still unclear, as only two papers have reported on these
phenomena [75,76]. This inquiry warrants further systematic experimental and theoretical
study. However, from our initial observations, we could conclude that using different
temperatures to grow films by our two-step process can influence the structure and exciton
dynamic evolutions under laser irradiation.
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3.4.4. Electronic property modulation of ML MoS2 film

Figure 3.16. Electronic performance of ML MoS2 grown at different temperatures. a)
Transfer curves of transistor performance. b) On, off current and on/off current ratio c)
Subthreshold Swing (SS) (inset is subthreshold voltage and hysteresis) d) Field effect
mobility (µFE) change trend vs ML film conversion temperatures.
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Figure 3.17. Optical image of one TFT device with L/W = 10/200 µm. Scale bar: 100 µm.

Figure 3.18. Logarithmic transfer curves and subthreshold swing derivation from TFTs
with ML MoS2 (converted at different temperatures) channel.
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Figure 3.19. Liner transfer curves and threshold voltages derivation from TFTs with ML
MoS2 (converted at different temperatures) channel.
The ML MoS2 is considered one of the most promising candidates for post Moore's
Law electronics in view of its relatively high mobility [51], excellent stability [89], and
lack of short-channel effect during device operation [90]. Thus, it is necessary to evaluate
the transistor performance using our two-step-grown ML MoS2 films. Figure 3.16
demonstrates the performance of top-gated (TG) thin-film transistors (TFTs) that were
fabricated with ML MoS2 films as channel layers. All of the tested devices had a channel
width (W) and length (L) L/W=10/200 µm (see Figure 3.17). Figure 3.16a displays the
logarithmic plots of the dual-sweep transfer curves that were obtained with VSD = 1 V. As
expected, the temperature of the ML film conversion from MoO2 into MoS2 obviously
influenced device performance. The on-current increased, while the off-current decreased
alongside an increase in the conversion temperature from 600 to 800oC. As Figure 3.16b
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indicates, this effect in turn enhanced the on/off current ratio. This outcome indicates that
higher crystalline quality ML film achieved a superior field effect transport performance.
However, further increasing the sulfurization temperature to 1,000 oC did not affect the
on/off current ratio. This phenomenon may be due to the previously discussed lack of a
clear change in the crystalline quality in the range of 800 to 1,000oC. Figure 3.16c and
Figure 3.18 illustrate the subthreshold swing (SS) variation versus film sulfurization
temperature. These values (for both forward and reverse sweeps) decreased as the
temperature increased from 600 to 900oC, but they rose when the temperature was further
increased to 1,000oC. The smallest values of SSf and SSr were 0.94 and 0.74, respectively,
and were realized at 900oC. An inset in Figure 3.16c presents the difference between SSf
and SSr as derived from the hysteresis. The change in SS may be explained by the effect of
the sulfurization temperature on the native defect trap states of ML MoS2 films,[91] the
MoS2/HfO2 interface trap states,[92] or both. Apparently, films that were converted at
900oC exhibited the smallest trap density. The forward threshold voltage (VTHf) also
changed with the sulfurization temperature (see inset in Figure 3.16c, Figure 3.19). It
displayed monotonous variation from -3.8 to 0.7 V as the temperature increased from 600
to 1,000 oC. Therefore, a higher conversion temperature of the ML MoS 2 film leads to
diminished n-doping, which initially appears to conflict with the above PL analysis. A
possible reason for this paradox might be that the interface formation during the HfO2
ALD-deposition on ML MoS2 film dominates the doping behavior in the case of devices
[93]. As Figure 3.16d indicates, the field effect mobility (µFE) also changed. When the
sulfurization temperature increased from 600 to 900 oC, the average mobility increased
from 1.4 to 22 cm2·V-1s-1 and subsequently dropped to 10 cm2·V-1s-1 at 1,000 oC. This
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interesting result implies that the electric performance of our ML MoS 2 films could be
engineered by directly tuning the growth parameters in our two-step process. The best
transistor performance was achieved when the ML MoS2 film was prepared at a conversion
temperature of 900oC, and it could realize a maximum µFE of up to 27 cm2·V-1s-1.

Figure 3.20. Electronic performance of MoS2 (ML fabricated at 900 oC) with different
device structures. Logarithmic-scale transfer curves of the device with VDS = 1 V with a)
G - tdiel-30 nm b) G - tdiel-60 nm c) P - tdiel-60 nm, inset are the corresponding device
structures. Linear-scale transfer curves d) G - tdiel-30 nm e) G - tdiel-60 nm f) P - tdiel-60 nm,
inset are the corresponding output curves. g) Field-effect mobility change trend (µFE) vs
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VGS h) leakage current (IGS) vs VGS of these three devices. i) Logarithmic-scale transfer
curves at different source-drain voltages of P - tdiel-60 nm device.

Figure 3.22. Logarithmic transfer curves with different VDS of the devices (a) G - tdiel-60
nm (b) G - tdiel-30 nm.

Table 3.2. TFT performance of wafer-scale ML MoS2 film fabricated using different
device geometries.
µFE
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VTHf
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18.8
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0.50

0.4

1.3

~105
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Besides the 2D MoS2 film's intrinsic quality [91], the device structure has been
known to influence 2D channel transistor performance [92,94]. Thus, we modified the
device structures to study the potential of our two-step-grown ML MoS2 film for various
TFT device configurations. To this end, we varied the channel pattern and dielectric
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thickness to fabricate TFTs with three distinct structures: a global-MoS2 channel with an
HfO2 thickness of 30 nm (G - tdiel-30 nm), a global-MoS2 channel with an HfO2 thickness
of 60 nm (G - tdiel-60 nm), and a patterned-MoS2 channel with an HfO2 thickness of 60 nm
(P - tdiel-60 nm). Figure 3.20 describes their relevant TFT performance. Insets in Figure
3.20a, b, and c display schematics for G - tdiel-30 nm, G - tdiel-60 nm, and ad P - tdiel-60
nm devices. For the sake of comparison, we specifically chose devices with the same
channel length and width (L/W = 10/200 µm; see Figure 3.17). Their logarithmic dualsweep transfer curves were measured with VSD= 1V (see Figure 3.20a-c). The comparison
indicates that the P - tdiel-60 nm device exhibited the largest on/off current ratio up to 107.
This result might be due to the fact that the patterned channel has the smallest overlap area
between MoS2 channel and the top gate electrode; this small overlap can suppress the
leakage current (IGS), as verified in Figure 3.20h. The smallest SS (no matter SSf or SSr)
was realized in G - tdiel-30 nm device, with the value 0.50 (both SSf and SSr). This is because
thinner HfO2 layer could achieve larger dielectric capacitance, thus better gate voltage
tunability. Linear transfer curves and corresponding output curves are depicted in Figure
3.20d-f and their insets, respectively. Output curves of all these devices illustrated the
ohmic-like contact between S/D electrode and ML MoS2 channel. The dual sweep transfer
curves obviously illustrated the hysteresis difference among these three devices. G - tdiel30 nm device realized smallest hysteresis value as ΔVG = 0.4 V (ΔVG =VTHr -VTHf). The
appearance of such small hysteresis could be explained by two reasons: one is better gate
tunability as mentioned above, which could suppress trap states; the other is the operation
of gate voltage in this device is smaller than the other devices, thus the hysteresis induced
by the gate voltage stress could be drastically reduced [95]. Field effect mobility change
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for these three devices is depicted in Figure 3.20g. Mobility of P - tdiel-60 nm device (about
12 cm2·V-1s-1) displayed an obvious drop compared with the other two global channel
devices (both value about 20 cm2·V-1s-1). The reason is discussed in the following
paragraph in Figure 3.22. Leakage currents are displayed in Figure 3.20h showing that G
- tdiel-60 nm device has the largest leakage value up to 10-7 A. This result may be because
the overlap area between the global channel and top gate electrode is much larger than the
patterned one. Also, the operation gate voltage is larger, thus leakage current larger than
that of G - tdiel-30 nm device. The performance comparison of these three devices is listed
in detail in Table 3.2. Dual sweep logarithmic transfer curves of P - tdiel-60 nm device is
exhibited in Figure 6i with different VSD (That of another two devices are shown in Figure
3.21). These plot helps further to verify the field-effect behavior of the ML MoS2 channel.

Figure 3.21. Current Calculation Model of a) Pattern-MoS2 device b) Global-MoS2 device.
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In order to minimize the overestimation of mobility value in the case of global
devices (due to underestimated global channel width), we re-estimated the channel width
to be 230 µm and obtained a µ𝐹𝐸 = 17.4 cm2·V-1s-1, which is still higher than that of
patterned channel devices.
Regarding the overestimation of field-effect mobility, we note the following. The
channel with 200 µm width in the global channel case is marked by white arrows in Figure
S9 and was used to calculate the field-effect mobility. Suppose 200 µm is the
underestimated global channel width. From the device architecture figure, we could
reasonably assume that the real global channel width should be 230 µm, which is marked
with green arrows in Figure S9. Since the mobility calculation equation isµ𝐹𝐸 =
𝜕𝐼𝐷𝑆
𝜕𝑉𝐺𝑆

(𝑊𝑉

𝐿

𝐷𝑆 𝐶𝑜𝑥

200

200

), the re-estimated µ𝑟𝐹𝐸 = µ𝐹𝐸 × 230 = 20 × 230 = 17.4 cm2·V-1s-1.

However, the part with the “30 µm” width is not exactly located between the S/D
electrodes, and can hardly be treated as a channel. Based on this, we may conclude that the
mobility overestimation in the global MoS2 devices should be no more than 12%. This
means that the real field-effect mobility of global MoS2 devices should be no less than 17.4
cm2·V-1s-1. (the yellow-square marked area is too far away from S/D electrodes and can be
safely excluded). However, the patterned MoS2 devices achieved field-effect mobility
around 12 cm2·V-1s-1, which is smaller than 17.4 cm2·V-1s-1. Therefore, we can conclude
that the channel patterning process by dry etching may damage the MoS 2 ML film,
resulting in some mobility degradation.
Regarding the relatively large off-current in the global-MoS2 channel, we agree that
the relatively large off-current in the global-MoS2 channel is due to the channel regions
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that are tunable by the gate. Furthermore, our careful modeling calculation also indicates
that the patterned MoS2 channel is negatively affected by the etching and patterning
process. Details are shown as follows:
From Figure 6c in the manuscript, we could get the patterned-MoS2 channel on/off current:
IPOFF = 1.5 × 10-11A
IPON = 3.3 × 10-4A
From Figure 6b in the manuscript, we could get the Global-MoS2 channel on/off current:
IGOFF = 1.4 × 10-7A
IGON = 5.6 × 10-4A
Supposing that we have no damage on MoS2 channel during the channel patterning and
etching process.
The following equation must hold (as indicated in Figure S12):
I Surround = IGOFF - IPOFF = IGON - IPON
However
I Surround = IGOFF - IPOFF ≈1.4 × 10-7A << IGON - IPON = 2.3 × 10-4A
This means that there must be some damage during the MoS2 channel patterning, resulting
in gate tunability degradation.
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Combining the modeling calculation on both global and patterned channel on/off
current values, the reason for inferior mobility of patterned channel was inferred to be
etching damage of the channel during the patterning process.
Table 3.3. TFT performance of wafer-scale continuous ML MoS2 film fabricated through
different synthesis methods.
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Thus our ML MoS2 films have been successfully grown at the wafer-scale using
the two-step growth process, which allows us to achieve tunable optoelectronic properties.
Significantly, combining our process with simple TFT device construction modification,
optimized ML MoS2 transistor properties could be achieved, including field-effect mobility
of 10-30 cm2·V-1s-1, maximum current on/off ratio of 107, and low hysteresis of 0.4 V.
Table 3.1 shows a comparison of the performance of our ML MoS2 TFTs with previously
reported two-step grown MoS2 (almost all are few-layer films). It can be seen that this
report is the first one to realize 2D semiconductor film with a single layer continuously at
a 2-inch wafer scale by a two-step process. The electronic properties of our optimized ML
film realized the highest transistor performance among all these two-steps grown MoS2
films. We further compared our two-step grown ML MoS2 film with wafer-scale ML films
prepared through other growth methods, as displayed in Table 3.3. It is obvious that device
performance based on our two-step prepared ML film is comparable with these methods.
Thus we can see that our two-step growth process significantly improves on existing twostep growth of ML MoS2.
3.5. Conclusion
We have developed a novel two-step growth process, which surmounts the longstanding challenges of achieving continuous, homogeneous, 2D ML films at the wafer
scale. By using the atomically-thin epitaxial precursor MoO2 film and well-established
sulfurization process, we realized high-quality ML MoS2 films uniformly and continuously
at the wafer scale. The transistor devices based on our ML 2D MoS2 films exhibit transport
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properties that exceed all previously reported two-step ML MoS2 and is comparable to
chemical vapor deposited ML MoS2. By optimizing the two-step process and TFT device
architectures' parameters, the device performance can realize field-effect mobility 10-30
cm2·V-1s-1, on/off current ratio 103-7, and hysteresis as low as 0.4 V. More significantly,
through engineering, the ML film preparation process, the material structure, electron
doping level, response to laser radiation, and electric properties could be carefully
modulated. These results show great potential for our ML two-step process in various
large-scale applications.
Based on the EPC process, we realized the QSC few-layer MoS2 film at a 2″wafer,
as we discussed in Chapter 2. We further realized monolayer MoS2 film by carefully
minimizing the Sulfur vapor flow fluctuation during the sulfurization process, as discussed
in Chapter 3. However, for the thicker (larger than 4.5 nm) MoS2 film grown using the
EPC process, there are heavy in-plane textures in the sulfide film. We regarded the heavy
dislocation defects of the precursor MoO2 films as the origin of the heavy textures of sulfide
films. Thus we developed a capping layer annealing process to minimize the precursor film
defects, and then we got the converted MoS2 film with a single crystalline structure free of
textures. We discussed the details in Chapter 4.
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Chapter 4. Enhanced Quality of Wafer-Scale MoS2 Films by a Capping
Layer Annealing Process

4.1. Summary
Wafer-scale, single-crystalline 2D semiconductors without grain boundaries and
defects are needed to develop reliable next-generation integrated 2D electronics.
Unfortunately, few literature reports exist on the growth of 2D semiconductors with a
single-crystalline structure at the wafer scale. We show that direct sulfurization of asdeposited epitaxial MoO2 films (especially, with thickness more than ca. 5 nm) produces
textured MoS2 films. This texture is inherited from the high density of defects present in
the as-prepared epitaxial MoO2 film. In order to eliminate the texture of the converted MoS2
films, we introduce a new capping layer annealing process (CLAP) to improve the
crystalline quality of as-deposited MoO2 film and minimize its defects. We demonstrate
that sulfurization of the CLAP-treated MoO2 films leads to the formation of singlecrystalline MoS2 films, instead of textured films. We show that the single-crystalline MoS2
films exhibit field-effect mobility of 6.3 cm2·V-1s-1, which is 15 times higher than that of
textured MoS2. These results can be attributed to the smaller concentration of defects in
the single-crystalline films.
4.2. Introduction and background
2D MoS2 is one of the most promising semiconductors for next-generation
electronics due to its tunable bandgap [96-100], favorable electronic mobility [101-103],
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excellent optoelectronic properties [104-108], and good thermal & chemical & mechanical
stabilities [108-111]. Scalable fabrication of 2D films is the precondition for the
manufacturing of post- Moore’s law large-scale integrated devices. Researchers have
already realized the wafer-scale growth of MoS2 films through chemical vapor
deposition[18,23,112], metal-organic chemical vapor deposition[20] and the vapor-solid
reaction process [25,26,30,39]. However, up to date, almost all the above growth processes
could only realize polycrystalline MoS2 films. Thus, most of these reported wafer-scale 2D
MoS2 films showed inferior electronic properties compared to single-crystalline flakes.
[18,20,23,113] To bring wafer-scale 2D MoS2 electronic properties close to theoretical
levels, it is necessary to explore new approaches to obtain single-crystalline structures at
the wafer scale.
It has been reported that the structure and properties of wafer-scale MoS2 films,
grown by the two-step process, can be engineered by modifying the structure of the
precursor film. For example, an epitaxial MoO2 film resulted in quasi single-crystalline
MoS2 films after sulfurization [65]. However, small-angle grain boundaries and texture
were still observed in these MoS2 films through direct sulfurization of the as-grown
epitaxial precursor film. Here we show that thicker ( 5 nm) precursor MoO2 films lead to
heavier texture in the converted MoS2 films. The reason for using MoO2 as a precursor film
is because of its ability to grow continuous ultrathin film epitaxially on high-temperature
stable substrates [43,65,114]. In order to eliminate texture from the MoS2 films and achieve
single-crystalline MoS2, we developed a new process to improve the crystalline quality of
the epitaxial precursor MoO2 film. This annealing process is henceforth referred to as
CLAP. Through the sulfurization of the CLAP-treated epitaxial MoO2 film, wafer-scale
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single-crystalline MoS2 films were obtained without texture. Transistor performance
showed that MoS2 film with a single-crystalline structure exhibits field-effect mobility
almost 15 times higher than that of the textured MoS2. We demonstrate that the process of
sulfurization using high-quality epitaxial precursors can be a general growth method for
wafer-scale single-crystalline chalcogenide films.
4.3. Experimental Section
4.3.1. Epitaxial MoO2 PLD deposition
The (001) Al2O3 substrate was pre-cleaned and thermally annealed in vacuum for
2 hrs to improve surface quality. The MoO2 deposition process was carried out at 400 oC
in O2 ambient at a pressure of 10 mtorr. The thickness of MoO2 was controlled by the
number of laser shots and by laser energy. This process is similar to the previous report
[65].
4.3.2. CLAP process
Pristine (as deposited) epitaxial MoO2 sample was covered with a protective
capping layer, such as SiO2 or Si3N4, with a thickness of 50 nm. The SiO2 layer was
deposited at RT by the sputtering process. Si3N4 layer was deposited at 250 oC by plasmaenhanced chemical vapor deposition. The protective capping layer was thermally stable
without crystallization, even at temperature up to 900 oC. The MoO2 sample with capping
layer was annealed in the PLD chamber at 900 oC for 1 hr in Argon at a pressure of 50
mtorr. The annealing time cannot be prolonged to more than 2 hr, as this would cause
serious film uniformity issues. After the annealing process, the sample was cooled down
to RT and then put into BOE (20:1) for 2 hrs to remove the capping layer completely. We
made sure the selected capping layer etchant did not damage the MoO2. The bare MoO2
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samples were then cleaned in DI water three times. Finally, the high-quality epitaxial MoO2
films with fewer defects were ready for the sulfurization process.
4.3.3. Sulfurization process
We used a three-zone chemical vapor deposition system to do the sulfurization.
During the sulfurization process, Argon carrier gas with a flow rate of 100 sccm and
pressure 5~10 torr was used. Sulfur powder source with 500 mg was put in the up-stream
heating zone with a temperature 150 oC. The MoO2 sample was put in the down-stream
heating zone. After the temperature of the sulfur source stabilized at 150 oC, the MoO2
sample was heated at a heating rate of 20 oC/min. The sulfurization temperature was
carried out at 900 oC for 1 hr. Once the process finished, the system was naturally cooled
down.
4.3.4. Top-gated TFT device fabrication
The MoS2 films were used as a channel layer and patterned by dry etching. An
Au/Ti film with the thickness (50/10 nm) was deposited by electron beam evaporation and
used as S/D contact and top gate electrodes, patterned by a lift-off process. HfO2 high-k
dielectric layer, with a thickness of 60 nm, was deposited using ALD. The via hole was
patterned by dry etching.
4.3.5. Characterization
θ-2θ scans and Rocking curves X-ray diffraction patterns of the epitaxial MoO2
films were obtained using X-Ray Diffractometer (Bruker, D8 DA Vinci) with Cu Kα (λ =
1.5418 Å). Raman and PL measurement was realized with

Horiba Aramis Raman

spectrometer (Horiba Scientific) equipment, excited by visible light with wavelength 473
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nm. AFM (Bruker, Dimension Icon SPM) was for the surface morphologies
characterization of pristine, thermally-treated epitaxial MoO2 and transferred MoS2 films.
TEM images and selected area electron diffraction patterns were obtained by transmission
electron microscope (Titan Cs Probe, FEI). HR TEM images were performed in a Cscorrected FEI Titan Themis microscope. The free-standing MoS2 film went through 2-hr
etching in aqueous alkali solution, then was transferred onto TEM grids with lacey carbon
film. XPS spectra were measured in a Kratos Axis Ultra DLD spectrometer equipped with
a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 150 W. All spectra
were recorded using an aperture slot of 300 µm × 700 µm, while high-resolution spectra
were measured with a pass energy of 20 eV and a step size 0.1 eV. The performance of
top-gated TFTs was measured using an Agilent B1500A analyzer.
4.4. Results and Discussions
4.4.1. MoS2 Converted from CLAP-treated Epitaxial MoO2 Films
Texture in MoS2 films derived from epitaxial MoO2 precursor films is caused by a large
number of defects such as misfit dislocations present in the as-grown epitaxial precursor
MoO2 film [115-117]. Direct thermal annealing process has normally been used to reduce
the defects and improve the crystalline quality of epitaxial precursor films.[117-119]
However, this approach usually produces non-continuous films or films with rough
surfaces due to recrystallization [120-122], which we also observe upon direct-annealing
our epitaxial MoO2 films in this report. Thus, direct thermal annealing of the precursor
epitaxial MoO2 film is not a good approach for growing high-quality 2D MoS2 films. To
improve crystalline quality of the ultra-thin epitaxial MoO2 precursor film without losing
the continuity and surface flatness, we have developed a new capping layer annealing
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process (CLAP). This process has the capability of improving the quality of epitaxial
precursor films without degrading their flat surface [123].

Figure 4.1. (a) Flow diagram showing the synthesis of single-crystal MoS2 films converted
from CLAP-treated precursor MoO2 films. Optical image of (b) as-deposited epitaxial
MoO2 film (c) MoO2 film with Si3N4 capping layer (d) annealed MoO2 film after removing
the capping layer (e) single-crystalline MoS2 film converted from the sample (d).
In order to clarify the preparation process of wafer-scale single-crystalline MoS2
film, a process flow diagram is shown in Figure 4.1a. Firstly, a 2″ (001) sapphire wafer
was cleaned and placed in a PLD chamber for MoO2 deposition. The epitaxial film was
realized with optimized PLD parameters, with the film thickness of more than 4.5 nm, as
shown in Figure 4.1b. Besides, the thickness could be controlled by adjusting the number
of laser shots. After PLD, but before annealing, a transparent capping layer of Si 3N4 (50
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nm thick) was deposited on the MoO2 film uniformly by plasma-enhanced chemical vapor
deposition. Then the Si3N4-protected MoO2 sample was annealed at 900 oC for 1 hr in the
Ar atmosphere. This CLAP–treated MoO2 film is shown in Figure 4.1c. After CLAP, the
sample was cooled down to RT naturally. After cooling, a Buffered oxide etches (BOE)
(20:1) solution was used to etch the Si3N4 capping layer. After removing the capping layer,
a higher quality epitaxial MoO2 film was obtained, with outstanding uniformity and
continuity as shown in Figure 4.1d. Then, the MoS2 sample was obtained after the
sulfurization, as shown in the optical picture in Figure 4.1e. The above describes the
process for the single-crystalline film preparation process. In contrast, only a textured
MoS2 film (Instead of a single-crystalline structure) could be obtained through direct
sulfurizing of the as-deposited epitaxial MoO2 film without CLAP. A detailed analysis of
these two types of films is shown next.
4.4.2. Comparison of Directly-Annealed and CLAP-Treated Epitaxial MoO2 Films
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Figure 4.2. XRD patterns of MoO2 films directly annealing at different temperatures, 1hr.

Figure 4.3. Raman spectra of MoO2 films directly annealing with different temperatures,
1 hr.

Figure 4.4. AFM phase images of MoO2 film with thickness 15 nm (a) pristine film (b)
600 oC (c) 700 oC (d) 800 oC (e) 900 oC annealing in 1 hr. scale bar: 400 nm.
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Figure 4.5. Surface morphologies by AFM phase images (after removing the capping
layer) of annealed MoO2 film with different capping layers. (a) SiO2 with thickness 50 nm
as capping film deposited by sputtering at RT (b) Si3N4 with thickness 50 nm as capping
film deposited by PECVD at 250 oC. Scale bar: 2um.

Figure 4.6. Raman spectra of annealed MoO2 film before and after BOE treated.
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Figure 4.7. surface Roughness(after removing the capping layer) comparison among
(a)pristine and annealed MoO2 film with capping layers (b) SiO2 (c) Si3N4, Scale bar: 200
nm. (d) Corresponding line profiles.
Epitaxial MoO2 film was obtained by PLD using MoO3 as the target, 10 mTorr O2
atmospheres, and 400 oC substrate temperature. Initially, we attempted to reduce the
defects of the as-deposited MoO2 film by direct thermal annealing (without capping layer)
at different temperatures in the Ar atmosphere. The sharpening of the XRD pattern and
Raman peaks of the directly-annealed samples indicated an improved crystalline quality,
as depicted in Figure 4.2 and 4.3. But this direct annealing process degraded surface
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roughness and/or induced discontinuity in the MoO2 films, which is not acceptable for
wafer-scale 2D film conversion. Thus, we developed the CLAP by introducing a protective
layer to prevent film surface morphology from deteriorating. The protective layers used in
the CLAP, such as SiO2 or Si3N4, are designed to be high-temperature stable and removable
by BOE, a chemical that does not etch the MoO2 film (Figure 4.6). However, using the
SiO2 capping layer did not perform as well as Si3N4 because some residual SiO2 always
remained on the MoO2 film surface. The Si3N4 layer was easier to be totally removed, as
indicated by the AFM phase images in Figure 4.5. In addition, the Si3N4 capping layer
resulted in smoother MoO2 film surface, as depicted in Figure 4.7.

Figure 4.8. The improved crystal quality of precursor MoO2 film by CLAP. (a) XRD
pattern of pristine MoO2 films and CLAP-treated MoO2 films. (b) XRD (200) rocking
curve measurement of epitaxial MoO2 film before and after CLAP. (c) Raman spectra of
pristine MoO2 film and CLAP-treated MoO2 films. AFM Height images of (d) pristine
MoO2 film (e) directly-annealed (uncapped) MoO2 at 900 oC (f) MoO2 film treated by
CLAP at 900 oC. Scale bar: 200 nm.
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The impact of the annealing process on the crystalline structure of epitaxial MoO2
film was studied by XRD and Raman spectroscopy, as demonstrated in Figure 4.8a-c. Note
that the crystal orientation of MoO2 was not changed after the thermal treatment (with or
without CLAP), as depicted in Figure 2a. The Rocking curve results are shown in Figure
4.8b. The FWHM of the (200) peak was reduced from 0.085 to 0.072 as a result of the
CLAP, meaning that the crystal quality of the epitaxial film was improved because of the
thermal treatment. The slight peak shift to a lower angle might be due to strain released
during the annealing process. Figure 4.8c shows the Raman spectra of pristine, directlyannealed (uncapped), and CLAP-annealed MoO2 films. The sharper peaks of both annealed
MoO2 films confirm their improved crystal quality. However, the Raman peak intensity
of the CLAP-treated film at position 202 nm is stronger than that of directly-annealed
(uncapped) film (position shift to 204 nm). In contrast, the peak intensity of CLAP-treated
film at position 491.5 nm is much weaker (the peak position of the directly-annealed film
shift to 498.5 nm). The reason might be that the vibration mode of the 202 peaks is parallel
to the (200) MoO2 lattice plane, but the 491.5 peak is not in the same lattice plane. Since
the CLAP resulted in continuous MoO2 films ( Figure 4.8f ), an enhanced vibration mode
was observed in the (200) lattice plane [124]. The Raman peak position shifts are shown
in Figure 4.8c (from 202 and 491.5 for CLAP film to 204 and 498.5 for a directly-annealed
uncapped film) might be due to two reasons: one is the different degree of phonon
confinement in between the ultra-thin CLAP-treated continuous film and the directannealed isolated MoO2 grains;[125] the other reason is the different amount of strain[126]
released from these two films. Figure 4.8d-f shows the AFM images of pristine (asdeposited), directly-annealed (uncapped), and CLAP-treated epitaxial MoO2 film,
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respectively. It is apparent from Figure 4.8e that film annealing with no capping layer
results in discontinuous micro-grains. The film treated by the CLAP in Figure 2f remains
continuous and flat (RMS roughness = 0.342 nm). This value slightly increases compared
to 0.167 nm of the pristine film (Figure 4.8d). This roughness might result from the plasma
surface treatment during the capping layer deposition[127] or from enhanced atomic
movement during the high-temperature annealing process [128].

Figure 4.9. Schematic diagrams of (a) uncapped MoO2 film morphology change with
increasing annealing temperature (b) CLAP treatment process of MoO2 film with improved
quality. The schematic drawing is not to scale for lustration purposes.
Figure 4.9 shows a schematic of the MoO2 film morphology variation with
increasing direct annealing temperature. As indicated in the enlarged lattice structure
figure, the as-prepared MoO2 film is full of misfit dislocations or Mosiac misorientation
defects. I: The MoO2 film initially becomes rough at the lower annealing temperature. II:
Further increasing the temperature induces MoO2 film recrystallization and forms
interconnected micro grains. III: When the direct annealing temperature reaches 900 oC,
the micro grains become isolated. Figure 2h shows a schematic of the different stages of
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the CLAP. Non-differently, the as-deposited MoO2 film has a higher density of defects,
such as dislocation and mosaicity. ① before the thermal annealing process, a capping layer
(e.g., Si3N4) is deposited on top of the MoO2 film. ② a thermal annealing process is then
carried out, which sharply annihilates defects and improves the epitaxial quality of the
MoO2 film. Meanwhile, mass transfer on the film surface caused by recrystallization is
effectively prevented by the capping layer, leading to smoother and continuous films. ③
after the thermal treatment, the capping layer is removed by an acid solution, and a highquality precursor MoO2 film with a smooth surface is obtained, also with fewer defects,
indicated by the relevant enlarged lattice structure figure. Notably, verified by experiment,
the CLAP process is not practical for the atomically-thin film with thickness less than ca.
5 nm. The reason might be that atomically-thin film is with much higher surface activity;
thus it is easily damaged by any post-treatment process [129].
4.4.3. Microscopic Characterization of MoS2 Films
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Figure 4.10. (S)TEM characterization of MoS2 converted from pristine & CLAP-treated
4.5 nm thick MoO2 film. (a) Low magnification TEM (scale bar: 10 µm) (b) LR-STEM of
MoS2 film (scale bar: 100 nm) (c) HR-STEM HAADF image of MoS2 film at the top
monolayer flake edge area (scale bar: 5 nm), inset is the relevant FFT. (d) HR-STEM
HAADF images with the atomic resolution of MoS2 film converted from CLAP-treated
MoO2 film (scale bar: 1 nm). (e) Side view (f) top view of the single crystalline MoS2 film
structure. (g) Side and top view of the MoS2 AA' and AB layer staking mode. (h-i) SAEDs
of MoS2 converted from CLAP-treated MoO2 film (selected area marked in Figure 3a with
red circles). (k) SAED of MoS2 converted from the pristine film.
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Figure 4.11. Low mag TEM of MoS2 converted from pristine 4.5 nm thick MoO2 film.

Figure 4.12. TEM characterization of MoS2 converted from pristine & LCAP-treated 15
nm thick MoO2 film. (a)Low mag (b) SAED of MoS2 converted from the pristine film. (b)
Low mag TEM (d) SAED of MoS2 converted from LCAP-treated MoO2 film.
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In order to analyze the influence of the quality of the epitaxial precursor MoO2 films
on the quality of the converted MoS2 films, the conversion process was carried out at fixed
conditions. The conversion process detail is provided in the experimental section. The
transmission electron microscopy (TEM) and scanning TEM (STEM) images shown in
Figure 4.10 were all obtained from MoS2 films with a thickness of ca. 5 nm. Low
magnitude TEM image characterization was performed on the MoS2 film converted from
the CLAP-treated MoO2 film; the three areas marked by red circles (Figure 4.10a) show
selected area electron diffraction (SAEDs). The dark area indicated by the yellow arrow is
the Cu grid, and the gray network indicated by the red arrow is the lacey carbon region.
Figure 4.10b shows the low magnification STEM image of the MoS2 film converted from
CLAP-treated MoO2 film. From Figure 4.10b, we could find that the whole continuous
MoS2 film has only one or two discontinuous monolayers on the top surface. Figure 4.10c
shows a high magnification STEM image focused on the edge area of the top discontinuous
monolayers. The inset Fast Fourier Transform (FFT) pattern shows a single-crystal like
pattern, indicating that the crystalline orientation of the top discontinuous monolayers is
consistent with that of underneath continuous film. This kind of film's morphology is
further illustrated with side & top views in Figure 4.10e and 4.10f, respectively. The HR
STEM high-angle annular dark-field (HAADF) image (Figure 4.10d) of the stable singlecrystalline MoS2 film depicts the honeycomb structure with AA' stacking order of the 2H
MoS2 phase [130]. The comparison between AA' and AB staking mode is shown with side
and top views in Figure 4.10g. Figure 3h-j displays the SEADs taken at three locations
marked (1, 2, and 3) in Figure 4.10a. All diffraction patterns exhibit hexagonally arranged
diffraction spots, demonstrating the single-crystalline structure of the MoS2 films. Since
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these three selected areas were all set within a diameter of about 20 um (the upper limit of
our TEM instrument), they illustrate that the single-crystalline structure uniformity is
exhibited at the wafer scale. Figure 4.10k shows the selected area electron diffraction
(SAED) pattern (location marked with the red circle in Figure 4.11) of the MoS2 converted
from pristine precursor epitaxial MoO2 film without any post-annealing treatment. The
ring-like pattern consists of quasi discrete elongated light spots, indicating the preferred
orientation and the texture structure in the 2D MoS2 film. Several researchers have
demonstrated that these kinds of structures have a great influence on the mechanical,
optical, and electronic properties of thin films [131-134]. However, this is probably the
first time that textured morphology has been observed in 2D chalcogenide films. We
believe that the reason for forming the texture in 2D films is the presence of a high density
of defects in the precursor MoO2 films. Achievement of the single-crystalline structure can
be attributed to the high-quality precursor film obtained after the CLAP treatment. TEM
characterization of thicker (15nm) MoS2 films converted from pristine and CLAP-treated
precursors was also performed, as depicted in Figure 4.12. The SAED (Figure 4.12b) of
the 15 nm thick film from pristine precursor displayed a textured structure, with a
diffraction pattern that resembles the ring pattern of textured films shown in Fig4.10k.
However, the thicker MoS2 films converted from the CLAP-treated precursor retain a
perfect single-crystalline structure (Figure 4.12d).
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4.4.3. Spectral Characterization

Figure 4.13. (a) Raman (b) PL (c) XPS-Mo 3d (d) XPS-S 2p spectra of MoS2 converted
from LCAP or pristine MoO2 films with different thicknesses.

Figure 4.14. Uniformity confirmation of 2″ MoS2 film through Raman characterization (a)
4.5 nm MoS2 film with testing locations marked with red points (b) Raman spectra from
the 33 testing locations, all showing 25 cm-1 distance between E12𝑔 and A1𝑔 peaks.
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The Raman, PL, and XPS measurements were performed on the MoS2 films converted
from the CLAP-treated or pristine MoO2 films. The intensity-normalized Raman spectra
in Figure 4.13a show that no peak shift between textured and single-crystalline MoS2.
Further, no peak shift is observed among single-crystalline films with different thicknesses.
The peak differences between E2g and A1g peaks all are 25.4 cm-1, which means that all the
films mentioned above show bulk film structure (film with more than 5 layers or 3 nm) and
no strain difference. A total of 33 locations on the 4.5 nm thick MoS2 film wafer (Figure
4.14a) were tested by Raman. All tested locations show the same E2g and A1g peak positions
(Figure 4.14b). This result confirms the film uniformity across the 2″ wafer. In Figure
4.13b, the PL spectra of 15 nm MoS2 films reveal that the FWHM of PL peak at 676 nm
position of single-crystalline film is smaller than that of textured films, which means
single-crystalline MoS2 films exhibit better quality. Typical XPS spectra of textured MoS2
with thickness 4.5 nm, 6 nm and 9 nm are shown in Figure 4.13c-d. Figure 4c shows XPS
peaks at 235.88, 232.73, 232.83, 229.67 and 226.87 corresponding to Mo6+ 3d3/2, Mo6+
3d5/2, Mo4+ 3d3/2, Mo4+ 3d5/2 and S 2s, respectively. Figure 4.13d shows S 2p1/2 and S 2p3/2
peaks at 163.70 and 162.51 eV. These peak positions are consistent with those reported for
crystalline MoS2 films [39]. All the single-crystalline and textured MoS2 films with
different thickness actually show the same XPS peak positions, as illustrated above.
Through careful Lorentzian-Gaussian fitting of XPS, The Mo/S elemental ratio in films
with thickness 4.5 nm, 6 nm, and 9 nm were calculated to be 1/1.92, 1/1.91 and 1/1.89,
respectively. This data indicates that the thicker precursor MoO2 films are more difficult
to sulfurize. Hence the resultant MoS2 films contained more defects. This effect originates
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from the difficulty of sulfur elements replacing oxygen (defined as S-O-exchange defects)
deeper in the thick MoO2 films.
4.4.4. Transfer Process and Transistor Performance

Figure 4.15. Transfer process and TFT performance of single-crystalline and textured
MoS2 films. (a) MoS2 film with a thickness of 4.5 and 6 nm transferred onto SiO2 (300
nm)/Si++ substrate. (b) MoS2 film with a thickness of 9 nm transferred to flexible paper. (c)
Schematic of top-gated TFT fabricated using MoS2 as a channel, (d) Output characteristics,
(e) Logarithm plot transfer curves, and (f) Field-effect mobility of single-crystalline and
textured MoS2 of different thickness.
The MoS2 films deposited with different thicknesses on 2″ wafers could be
uniformly transferred onto both rigid and flexible substrates using PDMS stamp transfer
combined with a wet chemical etching process. The image in Figure 4.15a shows
transferred films with thickness 4.5 and 6 nm (as shown by the inset AFM images and line
scan) on SiO2 (300 nm)/Si++ substrates. The films were also successfully transferred onto
the flexible paper substrate, as displayed in Figure 4.15b. The transfer process above
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demonstrates the potential for our wafer-scale MoS2 films to be used in Si-based, flexible,
and paper electronics.

Figure 4.16. TFT performance of single-crystalline and textured MoS2 films. (a) linerscale transfer curve of 10 devices (b) mobility distribution (c) subthreshold swing value vs
film thickness.

Top-gated TFTs were fabricated, as shown in Figure 4.15c, to characterize the
electronic properties of the MoS2. The S/D and top gate Au/Ti (50/10 nm) contacts were
deposited by EBE at RT in a high vacuum. HfO2 gate dielectric (60 nm thick) was deposited
using ALD. Details of the TFT fabrication are explained in the Experimental section. The
output curves of TFTs fabricated using single-crystalline, and textured MoS2 films (both 6
nm thick) are shown in Figure 4.15d, where ohmic-like behavior with S/D electrodes could
be observed. Transfer curves of TFTs fabricated using both single-crystalline MoS2 (red
curves) and textured MoS2 (black curves) channel with different thicknesses (4.5, 6, and 9
nm) are plotted along with conductivity on a logarithmic scale (Figure 4.15e). All the
transfer curves were measured under the same S/D voltage (1V) for a fair comparison. The
results are shown in Figure 4.15f (also Figure 4.16a-b) indicate that the single-crystalline
MoS2 based TFTs always show higher mobility than textured MoS2 based TFTs, no matter
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the channel thickness. Especially, when the MoS2 film thickness was 4.5 nm, the singlecrystalline MoS2 film showed a mobility of 6.3 cm2·V-1s-1 (this result is better than that of
the MoS2 films converted from the other Mo-based precursors) [24-26,29,30], which is 15
times higher than that of the textured MoS2. This result is likely due to the high
concentration of defects in textured films, scattering the channel electrons. Subthreshold
swing values (Figure 4.16c) did not show any clear trend, probably because of fluctuations
in the TFT fabrication process. As the films become thicker, the TFT performance with
both films (single-crystalline MoS2 and textured MoS2) show significant degradation, and
the mobility differences between the single-crystalline and textured MoS2 become smaller.
The degraded mobilities and current on/off ratios measured for thicker MoS 2 film devices
are in contrast to the trend normally observed in mechanically-exfoliated or CVD-grown
flakes [45,51]. The reason for this difference might be that at larger MoS2 film thickness,
both the single-crystalline and textured MoS2 films have more S-O-exchange defects.
These defects could act as electrons-scattering centers, but more experimental work is
needed to confirm this hypothesis.
4.5. Conclusion
Single-crystalline MoS2 films were grown on 2″ wafers by sulfurization of capannealed MoO2 films. Our CLAP could eliminate defects present in the as-deposited
epitaxial MoO2 precursor films, which resulted in single-crystalline MoS2 films. However,
the direct sulfurization of as-deposited epitaxial MoO2 films (without capping layer)
resulted in textured MoS2 films. The distinction between the single-crystalline and textured
MoS2 films was clarified through TEM characterization. The wafer-scale MoS2 films of
different thicknesses were successfully transferred onto rigid SiO2 (300 nm)/Si++ and
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flexible paper substrates. Electronic properties of the single-crystalline and textured MoS2
films were compared. Transistors fabricated single-crystalline films showed 15 times
higher field-effect mobility than their textured counterparts.
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Chapter 5. Summary and Perspectives
This chapter is going to give a summary of the methods we developed on growing
the wafer-scale single-crystalline 2D MoS2 film. The EPC growth method, the monolayer
growth strategy and also the CLAP growth method will be concluded. Besides, we also
discuss the potential research directions based on these research achievements. We propose
some methods for further improving the 2D single-crystalline film quality. We also propose
the potential to develop the EPC and CLAP methods as a universal strategy for wafer-scale
single-crystalline TMDs growth. Finally, we discuss the potential application areas of the
2D single-crystalline film we developed.
5.1. Summary of the EPC method
The EPC method consists of two-steps: The first step is to grow the high-quality
Mo based precursor (MoO2) films, such as epitaxial and single-crystalline, using highvacuum deposition systems; the second step is to the chemical conversion process, using
sulfur-containing vapor to react with the solid epitaxial MoO2 film, and obtain wafer-scale
QSC MoS2 film. Developing epitaxial MoO2 growth could be done by optimizing PLD
system parameters, such as substrate temperature, oxygen partial pressure, laser ablation
frequency, time, and substrate orientation. The sulfurization parameters also need to be
optimized to obtain higher quality films. For example, the sulfurization temperature, time,
and gas flow. We confirmed our wafer-scale 2D MoS2 QSC structure by XRD and STEM,
also confirmed that amorphous precursor could be converted into PC MoS2 film. We also
made a transistor based on our QSC and PC MoS2 films. The field-effect mobility of QSC
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film is about 8.5 cm2·V-1s-1, almost 35 times higher than PC film. This result confirmed the
much better electronic quality of QSC MoS2 films.
5.2. Summary of the growth of the ML MoS2 film
After our EPC process was developed, we further developed the two-step growth
of monolayer (ML) MoS2 film at wafer-scale with perfect uniformity and continuity. There
were hardly any reports on ML 2D film growth using a two-step process because of the
challenge of preserving the continuity during thickness scaling down to less than 1 nm. We
achieved this success by controlling gas flow fluctuation and mass transfer on the
substrate's surface. Therefore, our strategy was to minimize the negative effect of vapor
flow fluctuation, pointing the surface of MoO2 film away from the sulfur vapor flow. Thus,
we realized uniform and continuous 2D ML film at the wafer-scale. We confirmed that our
ML film's optimized electronic quality is comparable to the CVD grown single crystalline
MoS2 flakes, with optimized field-effect mobility up to 30 cm2·V-1s-1. There are two
advantages for the two-step growth of 2D monolayer films at the wafer-scale. One is that
the stoichiometry of the film could be engineered simply by tuning the reaction
temperature, without losing the uniform and continuity features; the other is that the
monolayer film is ultraclean and free of nucleation centers (see multilayer islands and
particles).
5.3. Summary of the CLAP growth method
In order to realize the MoS2 film with a perfect single-crystalline structure instead
of the QSC, the CLAP method was developed. This process uses a capping layer of Si3N4
to protect the epitaxial MoO2 film during the thermal annealing process. We considered
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that the tiny-angle grain boundary defects in the thinner QSC MoS2 film and the heavy inplane rotation texture in the thick MoS2 film originated from dislocations in the pristine
epitaxial MoO2 film. Through the CLAP, we could eliminate the precursor oxide defects.
Thus, after the same conversion process, we obtained the perfect single-crystalline
structure in the wafer-scale MoS2 film. The thicker single-crystalline MoS2 film's
electronic quality was confirmed and showed much-enhanced mobility, which was about
6.3 cm2·V-1s-1, 15 times higher than the textured MoS2 film.
5.4. Proposed strategies for further improving the 2D single-crystalline film quality

Figure 5.1. Atomic resolved STEM–ADF images to reveal the distribution of different
point defects. (a) Antisite defects in PVD MoS2 monolayers. Scale bar, 1 nm. (b)
Vacancies, including VS and VS2 observed in Mechanical exfoliation (ME) monolayers,
similar to those observed for the CVD sample. Scale bar, 1 nm. (c,d) Histograms of various
point defects in PVD, CVD, and ME monolayers. ME data are in green, PVD data in red,
and CVD in blue.
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Based on our research achievement in developing new growth methods of waferscale MoS2 film, we successfully realized the 2D film crystalline structure and electronic
quality improvement. But still, the electronic quality of the wafer-scale 2D film has some
gap to the mechanical exfoliated 2D flakes. We regarded the reason as more point defects
such as S or Mo vacancies in our wafer-scale film than in the exfoliated flake, as we
converted the precursor oxide film in a low-pressure furnace. The S and Mo elements are
easier to be evaporated during the low-pressure high-temperature process. Actually, lowpressure CVD and PVD MoS2 flakes were reported to have higher density point defects
(vacancies and antisites) than the mechanical exfoliated MoS2 flakes, as shown in Figure
5.1 [135]. Thus, instead of using the low-pressure tube furnace shown in Figure 5.3(a), we
propose to design a special chamber (Figure 5.2(b)), which could perform chemical
conversion process with a high-temperature, high-pressure, high-impurity and static
chalcogenide vapor atmosphere. This reactor could reduce the rate of chalcogenide and
metal evaporation; thus, point defects in the wafer-scale film could hugely be decreased. It
can also eliminate the negative effect from the vapor flow fluctuation. Thus, the 2D film
with good uniformity and continuity could be batch-type produced and enlarged in a bigger
wafer size (4 or 6 inches).
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Figure 5.2. (a) Current sulfurization reaction chamber in a low-pressure tube furnace with
a dynamic atmosphere. (b) The proposed reaction chamber with a high-pressure and static
atmosphere.
5.5. Developing EPC as a universal growth method
Based on the sulfurization of MoO2 PLD-growth film, we developed the epitaxial
phase conversion process. However, we believe this new epitaxial film growth method can
become a universal method. As shown in Figure 5.3, this process could be applied to at
least 33 binary metal oxides and 528 ternary metal oxide films. PLD has been demonstrated
as a powerful system to grow various high-quality epitaxial oxide films [136]. The
chemical conversion process could also include O-S, O-Se, O-Te, O-N, O-P, O-C
elemental exchange. Thus, the epitaxial phase conversion process could potentially be used
to grow 165 binary and 2640 ternary non-oxide metal compound films. Thus, our process
could greatly enable non-oxide epitaxial growth by merely combining an oxide grown by
PLD system with a chemical conversion furnace.
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Figure 5.3. Periodic table of the elements to show the potential in developing epitaxial
phase conversion as a universal growth method. Metal elements marked inside the blue
rectangle area are the possible metal compounds to be involved. Elements marked inside
the red rectangle areas are to be exchanged possibly among each other during the chemical
conversion of the relevant metal compounds.
5.6. Potential applications of the wafer-scale single-crystalline MoS2 film
We demonstrated our wafer-scale MoS2 film with high crystalline and electronic
quality using the epitaxial phase conversion. This high-quality 2D film could have several
potential applications that need to be further explored. Thus, we proposed several
applications, as illustrated in Figure 5.4. In this dissertation, we already demonstrated that
our ML MoS2 film could be used as a semiconductor channel in a field-effect transistor
device and could achieve high-performance (such as field-effect mobility of about 27
cm2·V-1s-1, current on/off ratio of 107). Thus, we could integrate several MoS2 transistors
easily since we have uniformly distributed wafer-scale MoS2 film to make some basic logic
circuit unites such as NAND (series connection of 2 transistors) and NOR (parallel
connection of 2 transistors), as shown in Figure 5.4(a). Thus, through the optimization of
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the transistor processing, complicated large scale integrated circuits could be fabricated
based on our 2-inch MoS2 wafers [137]. We also showed that our wafer-scale films could
be transferred to different substrates, including flexible plastic & paper substrates. Thus,
we could fabricate the circuits on flexible substrates, as shown in Figure 5.4(b). Thus,
flexible or wearable electronics could be realized in various applications. [138-140]
Another very promising area of our single crystalline MoS2 is that it could be used as the
high-quality seeding layer for epitaxial growth, it could be ether van der Waal or remote
epitaxy (Figure 5.4(c)). Since GaN and SiC epitaxial film products are fast-growing in the
advanced semiconductor industrial application, our process has great potential of
industrialization in using wafer-scale single-crystalline MoS2 film as a seeding layer to
grow advanced semiconductor films.

Figure 5.4. Application of the wafer-scale single-crystalline 2D MoS2 film (a) logic
circuits (NAND, NOR) [137](b) flexible electronics [138](c) Van der Waal or remote
epitaxy.[141]

References

141
[1]
[2]
[3]

[4]

[5]

[6]

[7]
[8]
[9]

[10]

[11]
[12]

[13]
[14]

[15]
[16]
[17]

[18]

G. Moore, "Moore’s law," Electronics Magazine 38 (8), 114, 1965.
F. Schwierz, J. Pezoldt, and R. Granzner, "Two-dimensional materials and their
prospects in transistor electronics," Nanoscale 7 (18), 8261-8283, 2015.
M. Peters, S. Den Hartog, J. Dijkhuis, O. Buyk, and L. Molenkamp, "Single
electron tunneling and suppression of short-channel effects in submicron silicon
transistors," J. Appl. Phys. 84 (9), 5052-5056, 1998.
D. Akinwande, C. Huyghebaert, C.-H. Wang, M. I. Serna, S. Goossens, L.-J. Li,
H. S. P. Wong, and F. H. L. Koppens, "Graphene and two-dimensional materials
for silicon technology," Nature 573 (7775), 507-518, 2019.
N. Lu, H. Guo, L. Li, J. Dai, L. Wang, W.-N. Mei, X. Wu, and X. C. Zeng, "MoS
2/MX 2 heterobilayers: bandgap engineering via tensile strain or external
electrical field," Nanoscale 6 (5), 2879-2886, 2014.
Q. Wang, J. Lai, and D. Sun, "Review of photo response in semiconductor
transition metal dichalcogenides based photosensitive devices," Opt Mater
Express 6 (7), 2313-2327, 2016.
K. F. Mak, D. Xiao, and J. Shan, "Light–valley interactions in 2D
semiconductors," Nat Photonics 12 (8), 451-460, 2018.
M. Feierabend, G. Berghäuser, A. Knorr, and E. Malic, "Proposal for dark exciton
based chemical sensors," Nat. Commun. 8 (1), 1-6, 2017.
S. Barua, H. S. Dutta, S. Gogoi, R. Devi, and R. Khan, "Nanostructured MoS2based advanced biosensors: a review," ACS Applied Nano Materials 1 (1), 2-25,
2017.
C. Liu, H. Chen, S. Wang, Q. Liu, Y.-G. Jiang, D. W. Zhang, M. Liu, and P.
Zhou, "Two-dimensional materials for next-generation computing technologies,"
Nat. Nanotechnol. 15 (7), 545-557, 2020.
M.-Y. Li, S.-K. Su, H.-S. P. Wong, and L.-J. Li, "How 2D semiconductors could
extend Moore’s law", (Nature Publishing Group, 2019).
K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
I. V. Grigorieva, and A. A. Firsov, "Electric field effect in atomically thin carbon
films," science 306 (5696), 666-669, 2004.
A. C. Neto, F. Guinea, N. M. Peres, K. S. Novoselov, and A. K. Geim, "The
electronic properties of graphene," Reviews of modern physics 81 (1), 109, 2009.
T. Cheiwchanchamnangij and W. R. Lambrecht, "Quasiparticle band structure
calculation of monolayer, bilayer, and bulk MoS2," Phys. Rev. B. 85 (20),
205302, 2012.
B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, "Singlelayer MoS2 transistors," Nat. Nanotechnol. 6 (3), 147, 2011.
Z. Jing, Z. Guang-Yu, and S. Dong-Xia, "Review of graphene-based strain
sensors," Chinese Phys B 22 (5), 057701, 2013.
N. Briggs, S. Subramanian, Z. Lin, X. Li, X. Zhang, K. Zhang, K. Xiao, D.
Geohegan, R. Wallace, and L.-Q. Chen, "A roadmap for electronic grade 2D
materials," 2D. Mater. 6 (2), 022001, 2019.
H. Yu, M. Liao, W. Zhao, G. Liu, X. Zhou, Z. Wei, X. Xu, K. Liu, Z. Hu, and K.
Deng, "Wafer-Scale Growth and Transfer of Highly-Oriented Monolayer MoS2
Continuous Films," ACS nano 11 (12), 12001-12007, 2017.

142
[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

D. Fu, X. Zhao, Y.-Y. Zhang, L. Li, H. Xu, A.-R. Jang, S. I. Yoon, P. Song, S. M.
Poh, and T. Ren, "Molecular Beam Epitaxy of Highly Crystalline Monolayer
Molybdenum Disulfide on Hexagonal Boron Nitride," J. Am. Chem. Soc. 139
(27), 9392-9400, 2017.
K. Kang, S. Xie, L. Huang, Y. Han, P. Y. Huang, K. F. Mak, C.-J. Kim, D.
Muller, and J. Park, "High-Mobility Three-Atom-Thick Semiconducting Films
with Wafer-Scale Homogeneity," Nature 520 (7549), 656, 2015.
N. Meyer and T. Guldbrandsen, "Method for measuring impurity distributions in
semiconductor crystals," P Ieee 51 (11), 1631-1637, 1963.
J. Zhang, H. Yu, W. Chen, X. Tian, D. Liu, M. Cheng, G. Xie, W. Yang, R. Yang,
and X. Bai, "Scalable growth of high-quality polycrystalline MoS2 monolayers on
SiO2 with tunable grain sizes," ACS nano 8 (6), 6024-6030, 2014.
P. Yang, X. Zou, Z. Zhang, M. Hong, J. Shi, S. Chen, J. Shu, L. Zhao, S. Jiang,
and X. Zhou, "Batch production of 6-inch uniform monolayer molybdenum
disulfide catalyzed by sodium in glass," Nat. Commun. 9 (1), 979, 2018.
D. Chiappe, I. Asselberghs, S. Sutar, S. Iacovo, V. Afanas'ev, A. Stesmans, Y.
Balaji, L. Peters, M. Heyne, M. Mannarino, W. Vandervorst, S. Sayan, C.
Huyghebaert, M. Caymax, M. Heyns, S. D. Gendt, I. Radu, and A. Thean,
"Controlled Sulfurization Process for the Synthesis of Large Area MoS2 Films
and MoS2/WS2 Heterostructures," Adv. Mater. Interfaces 3 (4), 1500635, 2016.
S. Xiongfei, Z. Wu, X. Hu, D. Shijin, Z. Peng, B. Wenzhong, and Z. David Wei,
"A Novel Synthesis Method for large-Area MoS2 Film with Improved Electrical
Contact," 2D. Mater. 4 (2), 025051, 2017.
Y. C. Lin, W. J. Zhang, J. K. Huang, K. K. Liu, Y. H. Lee, C. T. Liang, C. W.
Chu, and L. J. Li, "Wafer-scale MoS2 thin layers prepared by MoO3
sulfurization," Nanoscale 4 (20), 6637-6641, 2012.
C. Martella, P. Melloni, E. Cinquanta, E. Cianci, M. Alia, M. Longo, A. Lamperti,
S. Vangelista, M. Fanciulli, and A. Molle, "Engineering the Growth of MoS2 via
Atomic Layer Deposition of Molybdenum Oxide Film Precursor," Adv. Electron.
Mater. 2 (10), 1600330, 2016.
P. Taheri, J. Wang, H. Xing, J. F. Destino, M. M. Arik, C. Zhao, K. Kang, B.
Blizzard, L. Zhang, and P. Zhao, "Growth mechanism of largescale MoS2
monolayer by sulfurization of MoO3 film," Mater. Res. Express 3 (7), 075009,
2016.
Y. Kim, A. R. Kim, G. Zhao, S. Y. Choi, S. C. Kang, A. R. Kim, G. Zhao, S. Y.
Choi, S. C. Kang, S. K. Lim, K. E. Lee, J. Park, B. H. Lee, and M. Gwa, "WaferScale Integration of Highly Uniform and Scalable MoS2 Transistors," ACS Appl.
Mater. Inter. 9, 37146–37153, 2017.
K.-K. Liu, W. Zhang, Y.-H. Lee, Y.-C. Lin, M.-T. Chang, C.-Y. Su, C.-S. Chang,
H. Li, Y. Shi, H. Zhang, C.-S. Lai, and L.-J. Li, "Growth of Large-Area and
Highly Crystalline MoS2 Thin Layers on Insulating Substrates," Nano Lett. 12
(3), 1538-1544, 2012.
J.-H. Lee, E. K. Lee, W.-J. Joo, Y. Jang, B.-S. Kim, J. Y. Lim, S.-H. Choi, S. J.
Ahn, J. R. Ahn, M.-H. Park, C.-W. Yang, B. L. Choi, S.-W. Hwang, and D.
Whang, "Wafer-Scale Growth of Single-Crystal Monolayer Graphene on

143

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

Reusable Hydrogen-Terminated Germanium," Science 344 (6181), 286-289,
2014.
H. S. Lee, S.-W. Min, Y.-G. Chang, M. K. Park, T. Nam, H. Kim, J. H. Kim, S.
Ryu, and S. Im, "MoS2 nanosheet phototransistors with thickness-modulated
optical energy gap," Nano Lett. 12 (7), 3695-3700, 2012.
V. Stengl and J. Henych, "Strongly luminescent monolayered MoS2 prepared by
effective ultrasound exfoliation," Nanoscale 5 (8), 3387-3394, 2013.
S. S. Chou, B. Kaehr, J. Kim, B. M. Foley, M. De, P. E. Hopkins, J. Huang, C. J.
Brinker, and V. P. Dravid, "Chemically Exfoliated MoS2 as Near‐ Infrared
Photothermal Agents," Angewandte Chemie 125 (15), 4254-4258, 2013.
X. Y. Yu, M. S. Prevot, and K. Sivula, "Multiflake Thin Film Electronic Devices
of Solution Processed 2D MoS2 Enabled by Sonopolymer Assisted Exfoliation
and Surface Modification," Chem. Mater. 26 (20), 5892-5899, 2014.
A. M. Van Der Zande, P. Y. Huang, D. A. Chenet, T. C. Berkelbach, Y. You, G.H. Lee, T. F. Heinz, D. R. Reichman, D. A. Muller, and J. C. Hone, "Grains and
grain boundaries in highly crystalline monolayer molybdenum disulphide," Nat.
Mater. 12 (6), 554, 2013.
X. S. Wang, H. B. Feng, Y. M. Wu, and L. Y. Jiao, "Controlled Synthesis of
Highly Crystalline MoS2 Flakes by Chemical Vapor Deposition," J. Am. Chem.
Soc. 135 (14), 5304-5307, 2013.
K. Kang, S. Xie, L. Huang, Y. Han, P. Y. Huang, K. F. Mak, C.-J. Kim, D.
Muller, and J. Park, "High-mobility three-atom-thick semiconducting films with
wafer-scale homogeneity," Nature 520 (7549), 656-660, 2015.
H. Yang, A. Giri, S. Moon, S. Shin, J.-M. Myoung, and U. Jeong, "Highly
Scalable Synthesis of MoS2 Thin Films with Precise Thickness Control via
Polymer-Assisted Deposition," Chem. Mater. 29 (14), 5772-5776, 2017.
M. I. Serna, S. H. Yoo, S. Moreno, Y. Xi, J. P. Oviedo, H. Choi, H. N. Alshareef,
M. J. Kim, M. Minary-Jolandan, and M. A. Quevedo-Lopez, "Large-Area
Deposition of MoS2 by Pulsed Laser Deposition with In Situ Thickness Control,"
ACS Nano 10 (6), 6054-6061, 2016.
C. Martella, P. Melloni, E. Cinquanta, E. Cianci, M. Alia, M. Longo, A. Lamperti,
S. Vangelista, M. Fanciulli, and A. Molle, "Engineering the Growth of MoS2 via
Atomic Layer Deposition of Molybdenum Oxide Film Precursor," Adv. Electron.
Mater. 2 (10), 2016.
H. Samassekou, A. Alkabsh, M. Wasala, M. Eaton, A. Walber, A. Walker, O.
Pitkanen, K. Kordas, S. Talapatra, T. Jayasekera, and D. Mazumdar, "Viable
route towards large-area 2D MoS2 using magnetron sputtering " 2D. Mater. 4 (3),
2017.
E. Ahn, Y. S. Seo, J. Cho, I. Lee, J. Hwang, and H. Jeen, "Epitaxial growth and
metallicity of rutile MoO2 thin film," RSC. Adv. 6 (65), 60704-60708, 2016.
M. Zhang, M. Xu, M. Li, Q. Zhang, Y. Lu, J. Chen, M. Li, J. Dai, C. Chen, and Y.
He, "SnO2 epitaxial films with varying thickness on c-sapphire: Structure
evolution and optical band gap modulation," Appl. Surf. Sci. 423, 611-618, 2017.

144
[45]

[46]

[47]

[48]
[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]
[57]
[58]

J. Zheng, X. Yan, Z. Lu, H. Qiu, G. Xu, X. Zhou, P. Wang, X. Pan, K. Liu, and L.
Jiao, "High‐ Mobility Multilayered MoS2 Flakes with Low Contact Resistance
Grown by Chemical Vapor Deposition," Adv. Mater. 29 (13), 1604540, 2017.
D. Chiappe, I. Asselberghs, S. Sutar, S. Iacovo, V. Afanas'ev, A. Stesmans, Y.
Balaji, L. Peters, M. Heyne, M. Mannarino, W. Vandervorst, S. Sayan, C.
Huyghebaert, M. Caymax, M. Heyns, S. D. Gendt, I. Radu, and A. Thean,
"Controlled Sulfurization Process for the Synthesis of Large Area MoS2 Films
and MoS2/WS2 Heterostructures," Adv. Mater. Interfaces 3 (4), 2016.
Y. S. Jin and P. K. Shen, "Nanoflower-like metallic conductive MoO2 as a highperformance non-precious metal electrocatalyst for the hydrogen evolution
reaction," J. Mater. Chem. A 3 (40), 20080-20085, 2015.
J. U. Lee, J. Park, Y. W. Son, and H. Cheong, "Anomalous excitonic resonance
Raman effects in few-layered MoS2," Nanoscale 7 (7), 3229-3236, 2015.
R. Suzuki, M. Sakano, Y. J. Zhang, R. Akashi, D. Morikawa, A. Harasawa, K.
Yaji, K. Kuroda, K. Miyamoto, T. Okuda, K. Ishizaka, R. Arita, and Y. Iwasa,
"Valley-Dependent Spin Polarization in Bulk MoS2 with Broken Inversion
Symmetry," Nat. Nanotechnol. 9, 611-617, 2014.
T. Cao, G. Wang, W. Han, H. Ye, C. Zhu, J. Shi, Q. Niu, P. Tan, E. Wang, B. Liu,
and J. Feng, "Valley-Selective Circular Dichroism of Monolayer Molybdenum
Disulphide," Nat. Commun. 3, 887, 2012.
B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis., "SingleLayer MoS2 Transistors," Nat. Nanotechnol. 6 (3), 147-150, 2011.
J.-C. Blancon, H. Tsai, W. Nie, C. C. Stoumpos, L. Pedesseau, C. Katan, M.
Kepenekian, C. M. M. Soe, K. Appavoo, and M. Y. Sfeir, "Extremely Efficient
Internal Exciton Dissociation Through Edge States in Layered 2D Perovskites,"
Science 355 (6331), 1288-1292, 2017.
D. K. Efimkin and A. H. MacDonald, "Many-Body Theory of Trion Absorption
Features in Two-Dimensional Semiconductors," Phys. Rev. B. 95 (3), 035417,
2017.
R. Tempelaar and T. C. Berkelbach, "Many-Body Simulation of TwoDimensional Electronic Spectroscopy of Excitons and Trions in Monolayer
Transition-Metal Dichalcogenides," arXiv preprint arXiv:1810.06570, 2018.
S. Borghardt, J.-S. Tu, F. Winkler, J. Schubert, W. Zander, K. Lesson, and B. E.
Kardynał, "Engineering of Neutral Excitons and Exciton Complexes in Transition
Metal Dichalcogenide Monolayers through External Dielectric Screening," arXiv
preprint arXiv:1705.10429, 2017.
K. F. Mak, K. He, C. Lee, G. H. Lee, J. Hone, T. F. Heinz, and J. Shan, "Tightly
Bound Trions in Monolayer MoS2," Nat. Mater. 12, 207, 2012.
H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui, "Valley Polarization in MoS2
Monolayers by Optical Pumping," Nat. Nanotechnol. 7, 490, 2012.
X. Zhang, N. Biekert, S. Choi, C. H. Naylor, C. De-Eknamkul, W. Huang, X.
Zhang, X. Zheng, D. Wang, A. T. C. Johnson, and E. Cubukcu, "Dynamic
Photochemical and Optoelectronic Control of Photonic Fano Resonances via
Monolayer MoS2 Trions," Nano Lett. 18 (2), 957-963, 2018.

145
[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

[71]

[72]
[73]

D. Unuchek, A. Ciarrocchi, A. Avsar, K. Watanabe, T. Taniguchi, and A. Kis,
"Room-Temperature Eelectrical Control of Exciton Flux in a Van Der Waals
Heterostructure," Nature 560 (7718), 340-344, 2018.
M. Amani, D.-H. Lien, D. Kiriya, J. Xiao, A. Azcatl, J. Noh, S. R. Madhvapathy,
R. Addou, K. Santosh, and M. Dubey, "Near-Unity Photoluminescence Quantum
Yield in MoS2," Science 350 (6264), 1065-1068, 2015.
H. Nan, Z. Wang, W. Wang, Z. Liang, Y. Lu, Q. Chen, D. He, P. Tan, F. Miao,
and X. Wang, "Strong Photoluminescence Enhancement of MoS2 through Defect
Engineering and Oxygen Bonding," ACS nano 8 (6), 5738-5745, 2014.
F. K. Perkins, A. L. Friedman, E. Cobas, P. M. Campbell, G. G. Jernigan, and B.
T. Jonker, "Chemical Vapor Sensing with Monolayer MoS2," Nano Lett. 13 (2),
668-673, 2013.
J. Tao, J. Chai, X. Lu, L. M. Wong, T. I. Wong, J. Pan, Q. Xiong, D. Chi, and S.
Wang, "Growth of Wafer-Scale MoS2 Monolayer by Magnetron Sputtering,"
Nanoscale 7 (6), 2497-2503, 2015.
J. Pei, J. Yang, R. Xu, Y. H. Zeng, Y. W. Myint, S. Zhang, J. C. Zheng, Q. Qin,
X. Wang, and W. Jiang, "Exciton and Trion Dynamics in Bilayer MoS2," Small
11 (48), 6384-6390, 2015.
X. Xu, Z. Wang, S. Lopatin, M. Quevedo-Lopez, and H. N. Alshareef, "Wafer
Scale Quasi Single Crystalline MoS2 Realized by Epitaxial Phase Conversion,"
2D. Mater. 6, 015030(015031-015039), 2019.
T. Payam, W. Jieqiong, X. Hui, F. D. Joel, A. Mumtaz Murat, Z. Chuan, K.
Kaifei, B. Brett, Z. Lijie, Z. Puqin, H. Shaoming, Y. Sen, V. B. Frank, C. John,
and Z. Hao, "Growth Mechanism of Largescale MoS2 Monolayer by Sulfurization
of MoO3 Film," Mater. Res. Express 3 (7), 075009, 2016.
C. Lee, H. Yan, L. E. Brus, T. F. Heinz, J. Hone, and S. Ryu, "Anomalous Lattice
Vibrations of Single-and Few-Layer MoS2," ACS nano 4 (5), 2695-2700, 2010.
A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, G. Galli, and F.
Wang, "Emerging Photoluminescence in Monolayer MoS2," Nano Lett. 10 (4),
1271-1275, 2010.
A. Valdivia, D. J. Tweet, and J. F. Conley Jr, "Atomic Layer Deposition of Two
Dimensional MoS2 on 150 mm Substrates," J. Vac. Sci. Technol. A: Vacuum,
Surfaces, and Films 34 (2), 021515, 2016.
Y. Li, X. Li, H. Chen, J. Shi, Q. Shang, S. Zhang, X. Qiu, Z. Liu, Q. Zhang, H.
Xu, W. Liu, X. Liu, and Y. Liu, "Controlled Gas Molecules Doping of Monolayer
MoS2 via Atomic-Layer-Deposited Al2O3 Films," ACS Appl. Mater. Inter. 9 (33),
27402-27408, 2017.
B. Chakraborty, A. Bera, D. Muthu, S. Bhowmick, U. V. Waghmare, and A.
Sood, "Symmetry-dependent Phonon Renormalization in Monolayer MoS2
Transistor," Phys. Rev. B. 85 (16), 161403, 2012.
S. Mouri, Y. Miyauchi, and K. Matsuda, "Tunable Photoluminescence of
Monolayer MoS2 via Chemical Doping," Nano Lett. 13 (12), 5944-5948, 2013.
S. Tongay, J. Zhou, C. Ataca, J. Liu, J. S. Kang, T. S. Matthews, L. You, J. Li, J.
C. Grossman, and J. Wu, "Broad-range Modulation of Light Emission in Two-

146

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

dimensional Semiconductors by Molecular Physisorption Gating," Nano Lett. 13
(6), 2831-2836, 2013.
S. Tongay, J. Suh, C. Ataca, W. Fan, A. Luce, J. S. Kang, J. Liu, C. Ko, R.
Raghunathanan, and J. Zhou, "Defects Activated Photoluminescence in Twodimensional Semiconductors: Interplay between Bound, Charged, and Free
Excitons," Sci. Rep. 3, 2657, 2013.
A. Bera, D. Muthu, and A. Sood, "Enhanced Raman and Photoluminescence
response in Monolayer MoS2 Due to Laser Healing of Defects," J. Raman
Spectrosc. 49 (1), 100-105, 2018.
H. M. Oh, G. H. Han, H. Kim, J. J. Bae, M. S. Jeong, and Y. H. Lee,
"Photochemical Reaction in Monolayer MoS2 via Correlated Photoluminescence,
Raman Spectroscopy, and Atomic Force Microscopy," ACS nano 10 (5), 52305236, 2016.
J. S. Ross, S. Wu, H. Yu, N. J. Ghimire, A. M. Jones, G. Aivazian, J. Yan, D. G.
Mandrus, D. Xiao, and W. Yao, "Electrical Control of Neutral and Charged
Excitons in a Monolayer Semiconductor," Nat. Commun. 4, 1474, 2013.
Y. Lin, X. Ling, L. Yu, S. Huang, A. L. Hsu, Y.-H. Lee, J. Kong, M. S.
Dresselhaus, and T. Palacios, "Dielectric Screening of Excitons and Trions in
Single-layer MoS2," Nano Lett. 14 (10), 5569-5576, 2014.
Y. Li, Z. Qi, M. Liu, Y. Wang, X. Cheng, G. Zhang, and L. Sheng,
"Photoluminescence of Monolayer MoS2 on LaAlO3 and SrTiO3 Substrates,"
Nanoscale 6 (24), 15248-15254, 2014.
Y. Kim, Y. I. Jhon, J. Park, C. Kim, S. Lee, and Y. M. Jhon, "Plasma
functionalization for cyclic transition between neutral and charged excitons in
monolayer MoS2," Sci. Rep. 6, 21405, 2016.
S. Zhang, H. M. Hill, K. Moudgil, C. A. Richter, A. R. Hight Walker, S. Barlow,
S. R. Marder, C. A. Hacker, and S. J. Pookpanratana, "Controllable, Wide‐
Ranging n‐Doping and p‐Doping of Monolayer Group 6 Transition‐Metal
Disulfides and Diselenides," Adv. Mater. 30 (36), 1802991, 2018.
Q. Feng, J. Shi, W. Yang, W. Zhong, Y. Li, H. Chen, W. Liu, H. Xu, X. Liu, and
Y. Liu, "Engineering Fluorescence Intensity and Electron Concentration of
Monolayer MoS2 by Forming Heterostructures with Semiconductor Dots,"
Nanoscale 11, 6544-6551, 2019.
A. T. Neal, H. Liu, J. Gu, and P. D. Ye, "Magneto-transport in MoS2: Phase
coherence, spin–orbit scattering, and the hall factor," Acs Nano 7 (8), 7077-7082,
2013.
B. W. Baugher, H. O. Churchill, Y. Yang, and P. Jarillo-Herrero, "Intrinsic
electronic transport properties of high-quality monolayer and bilayer MoS2,"
Nano Lett. 13 (9), 4212-4216, 2013.
X. Cui, G.-H. Lee, Y. D. Kim, G. Arefe, P. Y. Huang, C.-H. Lee, D. A. Chenet,
X. Zhang, L. Wang, and F. Ye, "Multi-terminal transport measurements of MoS2
using a van der Waals heterostructure device platform," Nat. Nanotechnol. 10 (6),
534, 2015.
Y. Li, C. Y. Xu, J. K. Qin, W. Feng, J. Y. Wang, S. Zhang, L. P. Ma, J. Cao, P. A.
Hu, and W. Ren, "Tuning the excitonic states in MoS2/graphene van der Waals

147

[87]

[88]

[89]

[90]

[91]
[92]

[93]

[94]

[95]

[96]

[97]
[98]

[99]

[100]

heterostructures via electrochemical gating," Adv. Funct. Mater. 26 (2), 293-302,
2016.
Q. Zhang, C. H. Naylor, Z. Gao, R. Wu, I. H. Abidi, M.-Q. Zhao, Y. Ding, A. A.
Cagang, M. Zhuang, and X. Ou, "Recoil Effect and Photoemission Splitting of
Trions in Monolayer MoS2," ACS nano 11 (11), 10808-10815, 2017.
Y. Tao, X. Yu, J. Li, H. Liang, Y. Zhang, W. Huang, and Q. J. Wang, "Bright
Monolayer Tungsten Disulfide via Exciton and Trion Chemical Modulations,"
Nanoscale 10 (14), 6294-6299, 2018.
Y. Li, Z. Zhou, S. Zhang, and Z. Chen, "MoS2 Nanoribbons: High Stability and
Unusual Electronic and Magnetic Properties," J. Am. Chem. Soc. 130 (49),
16739-16744, 2008.
S. B. Desai, S. R. Madhvapathy, A. B. Sachid, J. P. Llinas, Q. Wang, G. H. Ahn,
G. Pitner, M. J. Kim, J. Bokor, C. Hu, H.-S. P. Wong, and A. Javey, "MoS2
Transistors with 1-nanometer Gate Lengths," Science 354 (6308), 99-102, 2016.
J. Shu, G. Wu, Y. Guo, B. Liu, X. Wei, and Q. Chen, "The Intrinsic Origin of
Hysteresis in MoS2 Field Effect Transistors," Nanoscale 8 (5), 3049-3056, 2016.
Q. A. Vu, S. Fan, S. H. Lee, M.-K. Joo, W. J. Yu, and Y. H. Lee, "Near-Zero
Hysteresis and Near-Ideal Subthreshold Swing in h-BN Encapsulated SingleLayer MoS2 Field-Effect Transistors," 2D. Mater. 5 (3), 031001, 2018.
S. KC, R. C. Longo, R. M. Wallace, and K. Cho, "Computational Study of
MoS2/HfO2 Defective Interfaces for Nanometer-Scale Electronics," ACS Omega
2 (6), 2827-2834, 2017.
J. Shim, S.-H. Bae, W. Kong, D. Lee, K. Qiao, D. Nezich, Y. J. Park, R. Zhao, S.
Sundaram, X. Li, H. Yeon, C. Choi, H. Kum, R. Yue, G. Zhou, Y. Ou, K. Lee, J.
Moodera, X. Zhao, J.-H. Ahn, C. Hinkle, A. Ougazzaden, and J. Kim, "Controlled
Crack Propagation for Atomic Precision Handling of Wafer-Scale TwoDimensional Materials," Science 362 (6415), 665-670, 2018.
A. Di Bartolomeo, L. Genovese, F. Giubileo, L. Iemmo, G. Luongo, T. Foller,
and M. Schleberger, "Hysteresis in The Transfer Characteristics of MoS2
Ttransistors," 2D. Mater. 5 (1), 015014, 2017.
Y. Chen, J. Xi, D. O. Dumcenco, Z. Liu, K. Suenaga, D. Wang, Z. Shuai, Y.-S.
Huang, and L. Xie, "Tunable band gap photoluminescence from atomically thin
transition-metal dichalcogenide alloys," ACS Nano 7 (5), 4610-4616, 2013.
A. Ramasubramaniam, D. Naveh, and E. Towe, "Tunable band gaps in bilayer
transition-metal dichalcogenides," Phys. Rev. B. 84 (20), 205325, 2011.
J. Mann, Q. Ma, P. M. Odenthal, M. Isarraraz, D. Le, E. Preciado, D. Barroso, K.
Yamaguchi, G. von Son Palacio, and A. Nguyen, "2‐ Dimensional transition
metal dichalcogenides with tunable direct band gaps: MoS2 (1–x) Se2x monolayers,"
Adv. Mater. 26 (9), 1399-1404, 2014.
Y. Y. Hui, X. Liu, W. Jie, N. Y. Chan, J. Hao, Y.-T. Hsu, L.-J. Li, W. Guo, and S.
P. Lau, "Exceptional tunability of band energy in a compressively strained trilayer
MoS2 sheet," ACS nano 7 (8), 7126-7131, 2013.
H. J. Conley, B. Wang, J. I. Ziegler, R. F. Haglund Jr, S. T. Pantelides, and K. I.
Bolotin, "Bandgap engineering of strained monolayer and bilayer MoS2," Nano
Lett. 13 (8), 3626-3630, 2013.

148
[101]

[102]

[103]

[104]
[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

W. Bao, X. Cai, D. Kim, K. Sridhara, and M. S. Fuhrer, "High mobility ambipolar
MoS2 field-effect transistors: Substrate and dielectric effects," Appl. Phys. Lett.
102 (4), 042104, 2013.
S. Das, H.-Y. Chen, A. V. Penumatcha, and J. Appenzeller, "High performance
multilayer MoS2 transistors with scandium contacts," Nano Lett. 13 (1), 100-105,
2012.
M. M. Perera, M.-W. Lin, H.-J. Chuang, B. P. Chamlagain, C. Wang, X. Tan, M.
M.-C. Cheng, D. Tománek, and Z. Zhou, "Improved carrier mobility in few-layer
MoS2 field-effect transistors with ionic-liquid gating," ACS nano 7 (5), 44494458, 2013.
Z. Yin, H. Li, H. Li, L. Jiang, Y. Shi, Y. Sun, G. Lu, Q. Zhang, X. Chen, and H.
Zhang, "Single-layer MoS2 phototransistors," ACS nano 6 (1), 74-80, 2011.
X. Wang, P. Wang, J. Wang, W. Hu, X. Zhou, N. Guo, H. Huang, S. Sun, H.
Shen, and T. Lin, "Ultrasensitive and broadband MoS2 photodetector driven by
ferroelectrics," Adv. Mater. 27 (42), 6575-6581, 2015.
S. H. Yu, Y. Lee, S. K. Jang, J. Kang, J. Jeon, C. Lee, J. Y. Lee, H. Kim, E.
Hwang, and S. Lee, "Dye-sensitized MoS2 photodetector with enhanced spectral
photoresponse," ACS nano 8 (8), 8285-8291, 2014.
D. Kufer and G. Konstantatos, "Highly sensitive, encapsulated MoS2
photodetector with gate controllable gain and speed," Nano Lett. 15 (11), 73077313, 2015.
M. Calandra, "Chemically exfoliated single-layer MoS2: Stability, lattice
dynamics, and catalytic adsorption from first principles," Phys. Rev. B. 88 (24),
245428, 2013.
Y. Gong, B. Li, G. Ye, S. Yang, X. Zou, S. Lei, Z. Jin, E. Bianco, S. Vinod, and
B. I. Yakobson, "Direct growth of MoS2 single crystals on polyimide substrates,"
2D. Mater. 4 (2), 021028, 2017.
M. Wang, S. Cai, C. Pan, C. Wang, X. Lian, Y. Zhuo, K. Xu, T. Cao, X. Pan, B.
Wang, S.-J. Liang, J. J. Yang, P. Wang, and F. Miao, "Robust memristors based
on layered two-dimensional materials," Nature Electronics 1 (2), 130-136, 2018.
W. G. Song, H. J. Kwon, J. Park, J. Yeo, M. Kim, S. Park, S. Yun, K. U. Kyung,
C. P. Grigoropoulos, and S. Kim, "High‐Performance Flexible Multilayer MoS2
Transistors on Solution‐ Based Polyimide Substrates," Adv. Funct. Mater. 26
(15), 2426-2434, 2016.
Z. Dai, Z. Wang, X. He, X. X. Zhang, and H. N. Alshareef, "Large‐Area
Chemical Vapor Deposited MoS2 with Transparent Conducting Oxide Contacts
toward Fully Transparent 2D Electronics," Adv. Funct. Mater. 27 (41), 1703119,
2017.
W. Chen, J. Zhao, J. Zhang, L. Gu, Z. Yang, X. Li, H. Yu, X. Zhu, R. Yang, and
D. Shi, "Oxygen-assisted chemical vapor deposition growth of large single-crystal
and high-quality monolayer MoS2," J. Am. Chem. Soc. 137 (50), 15632-15635,
2015.
C. H. Ma, J. C. Lin, H. J. Liu, T. H. Do, Y. M. Zhu, T. D. Ha, Q. Zhan, J. Y.
Juang, Q. He, E. Arenholz, P. W. Chiu, and Y. H. Chu, "Van der Waals epitaxy of

149

[115]

[116]
[117]

[118]

[119]

[120]

[121]
[122]

[123]

[124]

[125]

[126]
[127]

functional MoO2 film on mica for flexible electronics," Appl. Phys. Lett. 108
(25), 2016.
J. Lee, H. Shichijo, H. Tsai, and R. Matyi, "Defect reduction by thermal annealing
of GaAs layers grown by molecular beam epitaxy on Si substrates," Appl. Phys.
Lett. 50 (1), 31-33, 1987.
F. LeGoues, M. Copel, and R. Tromp, "Novel strain-induced defect in thin
molecular-beam epitaxy layers," Phys. Rev. Lett. 63 (17), 1826, 1989.
J.-S. Park, J. Bai, M. Curtin, B. Adekore, M. Carroll, and A. Lochtefeld, "Defect
reduction of selective Ge epitaxy in trenches on Si (001) substrates using aspect
ratio trapping," Appl. Phys. Lett. 90 (5), 052113, 2007.
Y.-W. Cheng, H.-Y. Wu, Y.-Z. Lin, C.-C. Lee, and C.-F. Lin, "Post-annealing
effects on pulsed laser deposition-grown GaN thin films," Thin Solid Films 577,
17-25, 2015.
K. H. Lee, S. Bao, G. Y. Chong, Y. H. Tan, E. A. Fitzgerald, and C. S. Tan,
"Defects reduction of Ge epitaxial film in a germanium-on-insulator wafer by
annealing in oxygen ambient," APL Mater. 3 (1), 016102, 2015.
V. Valliyil Sasi, A. Iqbal, K. Chaik, A. Iacopi, and F. Mohd-Yasin, "RF
Sputtering, Post-Annealing Treatment and Characterizations of ZnO (002) Thin
Films on 3C-SiC (111)/Si (111) Substrates," Micromachines-Basel 8 (5), 148,
2017.
M. Nieminen, S. Lehto, and L. Niinistö, "Atomic layer epitaxy growth of LaGaO3
thin films," J. Mater. Chem. 11 (12), 3148-3153, 2001.
W. Wang, L. Li, Q. Zhou, J. Pan, Z. Zhang, E. S. Tok, and Y.-C. Yeo, "Tin
surface segregation, desorption, and island formation during post-growth
annealing of strained epitaxial Ge1− xSnx layer on Ge (0 0 1) substrate," Appl.
Surf. Sci. 321, 240-244, 2014.
J. Greenlee, A. Nath, T. Anderson, B. Feigelson, A. Koehler, K. Hobart, R.
Dupuis, T. Detchprohm, S. Shen, and F. Kub, "NbN Capping Layer for Enhanced
Thermal Processing of Group III-Nitride Semiconductor Devices," ECS J. Solid
State Sc. 6 (2), Q3067-Q3070, 2017.
F. A. Akgul, G. Akgul, N. Yildirim, H. E. Unalan, and R. Turan, "Influence of
thermal annealing on microstructural, morphological, optical properties and
surface electronic structure of copper oxide thin films," Mater Chem Phys 147
(3), 987-995, 2014.
L. Kumari, Y.-R. Ma, C.-C. Tsai, Y.-W. Lin, S. Y. Wu, K.-W. Cheng, and Y.
Liou, "X-ray diffraction and Raman scattering studies on large-area array and
nanobranched structure of 1D MoO2 nanorods," Nanotechnology 18 (11),
115717, 2007.
S. Mar, C. Chen, Y. Huang, and K. Tiong, "Characterization of RuO2 thin films
by Raman spectroscopy," Appl. Surf. Sci. 90 (4), 497-504, 1995.
A. Zendehnam, J. Ghasemi, and A. Zendehnam, "Employing cold atmospheric
plasma (Ar, He) on Ag thin film and their influences on surface morphology and
anti-bacterial activity of silver films for water treatment," International Nano
Letters 8 (3), 157-164, 2018.

150
[128]

[129]

[130]

[131]

[132]

[133]
[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

F. Meriche, T. Touam, A. Chelouche, M. Dehimi, J. Solard, A. Fischer, A.
Boudrioua, and L.-H. Peng, "Post-annealing effects on the physical and optical
waveguiding properties of RF sputtered ZnO thin films," Electron Mater Lett 11
(5), 862-870, 2015.
Y. Chen, J. Hu, H. Diao, W. Luo, and Y. F. Song, "Facile preparation of ultrathin
Co3O4/nanocarbon composites with greatly improved surface activity as a highly
efficient oxygen evolution reaction catalyst," Chemistry–A European Journal 23
(16), 4010-4016, 2017.
S. Yang, J. Kang, Q. Yue, and K. Yao, "Vapor phase growth and imaging
stacking order of bilayer molybdenum disulfide," J. Phys. Chem. C 118 (17),
9203-9208, 2014.
K.-D. Liss, A. Bartels, A. Schreyer, and H. Clemens, "High-energy X-rays: a tool
for advanced bulk investigations in materials science and physics," Texture,
Stress, and Microstructure 35 (3-4), 219-252, 2003.
M. Birkholz, B. Selle, F. Fenske, and W. Fuhs, "Structure-function relationship
between preferred orientation of crystallites and electrical resistivity in thin
polycrystalline ZnO: Al films," Phys. Rev. B. 68 (20), 205414, 2003.
M. Birkholz, "Modelling of diffraction from fibre texture gradients in thin
polycrystalline films," J. Appl. Cryst. 40 (4), 735-742, 2007.
U. F. Kocks, C. N. Tomé, H.-R. Wenk, and A. J. Beaudoin, "Texture and
anisotropy: preferred orientations in polycrystals and their effect on materials
properties." (Cambridge university press, 2000).
J. Hong, Z. Hu, M. Probert, K. Li, D. Lv, X. Yang, L. Gu, N. Mao, Q. Feng, and
L. Xie, "Exploring atomic defects in molybdenum disulphide monolayers," Nat.
Commun. 6, 6293, 2015.
Y.-L. Huang, H.-J. Liu, C.-H. Ma, P. Yu, Y.-H. Chu, and J.-C. Yang, "Pulsed
laser deposition of complex oxide heteroepitaxy," Chinese J Phys 60, 481-501,
2019.
Z. Lin, Y. Liu, U. Halim, M. Ding, Y. Liu, Y. Wang, C. Jia, P. Chen, X. Duan,
and C. Wang, "Solution-processable 2D semiconductors for high-performance
large-area electronics," Nature 562 (7726), 254-258, 2018.
M. Choi, Y. J. Park, B. K. Sharma, S.-R. Bae, S. Y. Kim, and J.-H. Ahn, "Flexible
active-matrix organic light-emitting diode display enabled by MoS2 thin-film
transistor," Science Advances 4 (4), eaas8721, 2018.
M. Park, Y. J. Park, X. Chen, Y.-K. Park, M.-S. Kim, and J.-H. Ahn, "MoS2Based Tactile Sensor for Electronic Skin Applications," Adv. Mater. 28 (13),
2556-2562, 2016.
E. Singh, P. Singh, K. S. Kim, G. Y. Yeom, and H. S. Nalwa, "Flexible
Molybdenum Disulfide (MoS2) Atomic Layers for Wearable Electronics and
Optoelectronics," ACS Appl. Mater. Inter. 11 (12), 11061-11105, 2019.
H. Kum, D. Lee, W. Kong, H. Kim, Y. Park, Y. Kim, Y. Baek, S.-H. Bae, K. Lee,
and J. Kim, "Epitaxial growth and layer-transfer techniques for heterogeneous
integration of materials for electronic and photonic devices," Nature Electronics 2
(10), 439-450, 2019.

151

Accomplishments
First or co-first author：
1. Xiangming Xu, Jasmin Smajic, Jung-Wook Min, Kuang-hui Li, Yongjiu Lei,
Bambar Davaasuren, Tien Khee Ng, Pedro M. Da Costa, Boon S. Ooi, Husam N.
Alshareef *, Epitaxial heredity phenomena in chemical transformation process, in
preparation process.
2. Xiangming Xu, Hao Wu, Xin He, Mrinal K. Hota, Zhixiong Liu, Sifei Zhuo,
Hyunho Kim, Xixiang Zhang, Husam N. Alshareef, Iontronics Using
V2CTx MXene-Derived Metal–Organic Framework Solid Electrolytes, ACS Nano,
10.1021/acsnano.0c02497.
3. Xiangming Xu, Chenhui Zhang, Mrinal K. Hota, Zhixiong Liu, Xixiang Zhang,
Husam N. Alshareef, Enhanced Quality of Wafer-Scale MoS2 Films by a Capping
Layer Annealing Process, Advanced Functional Materials, 2019, 1908040
4. Xiangming Xu, Gobind Das, Xin He, Mohamed Nejib Hedhili, Enzo Di Fabrizio,
Xixiang Zhang, Husam N Alshareef, High‐Performance Monolayer MoS2 Films at
the Wafer Scale by Two‐Step Growth, Advanced Functional Materials, 2019, 29,
1901070. (highlighted in back cover)
5. Xiangming Xu, Zhenwei Wang, Sergei Lopatin, Manuel A Quevedo-Lopez,
Husam N Alshareef, Wafer-scale quasi single crystalline MoS2 realized by epitaxial
phase conversion, 2D Materials, 2018, 6, 015030.
6. Ximei Zhai§, Xiangming Xu§, Xiaoliang Zhu, Yongjie Zhao, Jingbo Li, Haibo Jin,
Porous layer assembled hierarchical Co3O4 as anode materials for lithium-ion

152
batteries, Journal of materials science, 2018, 53, 1356-1364. (§contributed
equally)
7. Xiangming Xu, Yongjie Zhao, Yuzhen Zhao, Heping Zhou, Fida Rehman, Jingbo
Li, Haibo Jin, Self-assembly process of China rose-like β-Co(OH)2 and its
topotactic conversion route to Co3O4 with optimizable catalytic performance,
CrystEngComm, 2015, 17, 8248-8255.
8. Xiangming Xu, Yongjie Zhao, Jingbo Li, HaiBo Jin, Yuzhen Zhao, Heping Zhou,
Hydrothermal synthesis of cobalt particles with hierarchy structure and
physicochemical properties, Materials Research Bulletin, 2015, 72, 7-12.
Co-author：
1. Hyunho Kim, Mohamad Insan Nugraha, Xinwei Guan, Zhenwei Wang, Mrinal K.
Hota, Xiangming Xu, Tom Wu, Derya Baran, Thomas D. Anthopoulos, Husam N.
Alshareef*, Quantum Dot Electrical Double Layer Transistors with MXene
Electrical Contacts, Submitted.
2. Sifei Zhuo,† Gang Huang,† Yongjiu Lei, Wenxi Wang, Zhixiong Liu, Xiangming
Xu, Jian Yin, Wenli Zhang, Hanfeng Liang, Yunpei Zhu and Husam N Alshareef*,
2D Downsized TiS2 Nanolayers Evenly Dispersed in a 3D Carbon Honeycomb for
High-Rate and Long-Life Na-Ion Battery Anode, Small Methods 2020, 2000439.
3. Shaobo Tu, Lujia Xu, Jehad K. El-Demellawi, Hanfeng Liang, Xiangming Xu,
Sergei Lopatin, Stefaan De Wolf, Xixiang Zhang*, Husam N. Alshareef*,
Autonomous MXene-PVDF actuator for flexible solar trackers, Nano Energy,
2020, 77, 105277.

153
4. Sharath Kandambeth, Jiangtao Jia, Hao Wu,Vinayak S. Kale,Prakash T. Parvatkar,
Justyna

Czaban-Jóźwiak‡,

Sheng

ZhouZhou,

Xiangming

Xu,

EdyAbouhamad,Abdul-Hamid Emwas||, Osama Shekhah‡, Husam N. Alshareef,
Mohamed Eddaoudi, Covalent Organic Frameworks Negative Electrodes for HighPerformance Asymmetric Supercapacitors, Adv. Energy Mater. 2020, 2001637.
5. Zhixiong Liu, Lu You, Nastaran Faraji, Chun‐Ho Lin, Xiangming Xu, Jr‐Hau He,
Jan Seidel, Junling Wang, Husam N Alshareef, Tom Wu, Single Crystal Hybrid
Perovskite Platelets on Graphene: A Mixed Dimensional Van Der Waals
Heterostructure with Strong Interface Coupling, Advanced Functional Materials,
2020, 1909672
6. Hao Wu, Maram Almalki, Xiangming Xu, Yongjiu Lei, Fangwang Ming, Arijit
Mallick, Vladimir Roddatis, Sergei Lopatin, Osama Shekhah, Mohamed Eddaoudi,
Husam N Alshareef, MXene Derived Metal-Organic Frameworks, Journal of the
American Chemical Society, 2019 (doi.org/10.1021/jacs.9b11446)
7. Yongjie Zhao, Xiaowei Zhang, Xiangming Xu, Yuzhen Zhao, Heping Zhou,
Jingbo Li, Haibo Jin, The synthesis of ultra-long cobalt chains and its outstanding
catalytic performance on the thermal decomposition of ammonium perchlorate,
Materials Chemistry, and Physics, 2017, 201, 235-240.
8. Yongjie Zhao, Xiangming Xu, Yuzhen Zhao, Heping Zhou, Jinbo Li, HaiBo Jin,
Synthesis and their physicochemical behaviors of flower-like Co3O4 microspheres,
Journal of Alloys and Compounds, 2016, 654, 523-528.

154
9. Yongjie Zhao, Xiaowei Zhang, Xiangming Xu, Yuzhen Zhao, Heping Zhou,
Jingbo Li, HaiBo Jin, Synthesis of NiO nanostructures and their catalytic activity
in the thermal decomposition of ammonium perchlorate, CrystEngComm, 2016,
18, 4836-4843.
US patents：
1. X. Xu, H. N. Alshareef. Large-scale Synthesis of 2D Semiconductors by Epitaxial
Phase Conversion Process, International publication No. WO2019/142035 A1.
2. X. Xu, H. N. Alshareef. A Hereditary Process Technology for Growing SingleCrystalline Films on a non-single-crystalline Substrate, Provisional U.S.
Application No. . 63/032,832.
Conferences:
1. Xiangming Xu, Wafer scale quasi single crystalline (SC) MoS2 realized by
epitaxial phase conversion. Poster presentation in International Symposium “Low
Dimensional Materials for Optoelectronics” Shenzhen, China, October 25th -28th,
2018 (presentation)
2. Xiangming Xu, Wafer-Scale MoS2 Films from Epitaxial Precursor with Tunable
Thickness and Properties. Oral presentation in International Symposium on
Flexible Organic Electronics 2019 (ISFOE19), Thessaloniki, Greece (oral, Young
Researcher Award)

