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ABSTRACT

Band-gap engineering is central to the design of heterojunction devices. It is a powerful
technique to overcome the constrain of natural material properties and realize novel
functionalities of materials. Monolayer transitional metal dichalcogenides (TMDs) provides
unprecedented opportunities for band-gap engineering with their atomically-thin thickness,
direct bandgap in the near-infrared to the visible region, large excitonic effect, and strong
spin-orbit coupling.
For heterojunctions involving monolayer TMDs, the electronic properties of the atomically
thin films are widely tunable by external perturbations. For instance, the carrier concentration
of monolayer MoS2 can vary significantly depending on the amount of charge transfer
between the MoS2 and the substrate. This makes substrates with a range of charge neutrality
levels—as is the case for complex oxide substrates—a powerful addition to electrostatic
gating or chemical doping to control the doping of overlying MoS2 layers.
In this thesis, I demonstrate this approach (charge transfer doping) by growing monolayer
MoS2 on perovskite (SrTiO3 and LaAlO3), spinel (MgAl2O4), and SiO2 substrates with multiinch uniformity. The as-grown MoS2 films on these substrates exhibit a controlled,
reproducible, and uniform carrier concentration ranging from (1-4) ×1013 cm-2, depending on
the oxide substrate employed. The observed carrier concentrations are further confirmed by
our density-functional theory calculations based on ab initio mismatched interface theory
(MINT). This approach is relevant to large-scale heterostructures involving monolayer-thick
materials in which it is desired to precisely control carrier concentrations for applications.
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Chapter 1 Introductory material
This thesis shows that complex oxide substrates can be utilized to control the carrier
concentration of atomically-thin semiconducting films uniformly and in large-scale. This
chapter presents brief introduction to transitional metal dichalcogenides (TMDs) and their
growth using chemical vapor deposition.
1.1 Transitional metal dichalcogenides
Since the discovery of Graphene in 2004, its lack of an electronic band structure has
stimulated the search for 2-dimensional materials with semiconducting nature.1 Transitional
Metal Dichalcogenides (TMDs), which are layered semiconductors with the formula MX2
(M=Mo, W, etc.; X=S, Se, etc.), provides a promising alternative. Monolayer TMDs exhibit a
combination of atomically-thin thickness, direct bandgap in the near-infrared to the visible
region, large excitonic effect, strong spin-orbit coupling and piezoelectricity, making them
promising for applications in high-end electronics, photonics and optoelectronics.2–7
1.1.1 Crystal structure of TMDs
TMDs exist in several phases resulting from different coordination spheres of the transition
metal atoms. The two common structural phases are characterized by either trigonal prismatic
(2H) or octahedral (1T) coordination of metal atoms, which represent the different stacking
orders of the atoms forming the individual layers (chalcogen-metal-chalcogen). Figure 1.1
shows the crystal structures of different TMD phases. In the 2H phase, which corresponds to
an ABA stacking, two layers of chalcogen atoms occupy the same in-plane position A and are
located on top of each other in the out of plane direction. The 1T phase, on the other hand, is
ABC stacking order where two layers of chalcogen atoms occupy different in-plane positions.
There also exists 1T’ phase which is distorted 1T with octahedral-like M–X coordination.1,8
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For MoS2, the semiconducting 2H phase is the most thermodynamically stable phase while
the metallic 1T-MoS2 is metastable.8 In this thesis, we focus on semiconducting 2H-MoS2,
which are referred in this thesis simply as MoS2 unless noted otherwise.

FIG. 1.1 Atomic Structure of monolayer TMDs in their trigonal (2H), octahedral (1T), and distorted octahedral
(1T’) phases.

1.1.2 Electronic properties of TMDs
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FIG. 1.2 Evolution of the calculated band-structure of 2H-MoS2 with decreasing thickness. Reproduced from 1.

Besides, the direct bandgap of monolayer 2H-TMDs is located at K and K’ points, which
are two inequivalent high-symmetry points, and leads to valley-dependent physical properties.
Unlike graphene, 2H-TMDs lack inversion symmetry. The spin-orbit interaction results in a
spin-splitting of the electronic band and lock the spin and valley pseudospin degree of
freedom (Fig. 1.3). To lift this spin degeneracy, an out-of-plane magnetic field can be applied
to break the time-reversal symmetry.9

FIG. 1.3 Schematic representation of the electronic bands, showing the spin splitting of bands at the K and K’
points due to the spin-orbit interactions. Reproduced from 9.
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1.1.3 Optical properties of TMDs
Due to the unique band-structure of monolayer TMDs, their optical absorption spectra in
visible and near infra-red region are dominated by the direct transition around the K and K’
points between valence and conduction band.2 However, instead of observing a step-function
like spectrum that is generated by the direct inter-band transition in 2D, sharp resonance peaks
are observed (Fig. 1.4).9 This is caused by the strong excitonic effect in monolayer TMDs.
Even at room temperature, stable excitons, which are optically generated electron-hole pairs,
are formed due to the large Coulomb interaction in atomically thin layers.10

FIG. 1.4 Absorption spectrum of monolayer MoS2 at 10 K (solid green line). The blue dashed line shows the
calculated absorption if excitonic effect is absent. The inset shows the formation of a bound exciton due to the
coulomb interaction between an optically generated electron-hole pair. Reproduced from 9.

In addition, TMDs show strong photoluminescence peak in monolayer thickness because
of the direct band-gap (Fig. 1.5).11 Indeed, a giant enhancement (~104) in PL quantum yield is
observed due to the indirect-to-direct band-gap transition from multilayers to monolayer. The
presence of tightly bound trions (the binding of a free electron to a neutral exciton) results in
the evolution of the prominent A exciton peak into two peaks. The lower energy peak is the
peak of trions (A-) and the higher energy peak is the neutral exciton peak (A0), which is
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because trions have smaller exciton binding energy than neutral excitons and emit lower
energy photons.

FIG. 1.5. PL spectra of monolayer and bilayer MoS2. Inset: PL quantum yield of MoS2 for layer thickness 1-6.
Reproduced from 11.

FIG. 1.6. (a) Optical image of single layer MoS2 on PET and schematic representation of E12g and A1g vibration
modes. (b) Raman spectra of MoS2 for 1–4 layers. Reproduced from 12.
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1.1.4 Effect of substrates on TMDs
Due to the all-surface nature of two-dimensional materials, the substrate has dramatic
influences on the electrical and optical properties of monolayer TMDs. The substrate usually
affects photophysical properties of the atomically thin films via the following mechanisms:
charge transfer, strain, dielectric screening and optical interferences effects.13
Charge transfer effect refers to the flow of charge between film and substrates from the
lower work function phase to the higher one. It is originated from the difference of fermi level.
13

Substrate-induced charge transfer effect usually cause the redistribution of charges across

the interface of TMDs and substrates, leading to positive or negative doping effect in TMDs
(Fig. 1.7). This change of carrier concentration influences the PL and Raman spectra because
of the change in the ratio of neutral excitons and tions.12,14

FIG. 1.7. Strain and electron density of CVD grown MoS2 on different substrates deduced from (a) Raman and (b)
PL.

This thesis mainly focuses on the charge transfer effect and strain effect of the substrate.
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1.2 CVD growth of TMDs
The growth of TMDs in this thesis is based on chemical vapor deposition (CVD), which is
a thin film deposition method using chemical reactions. It attracts enormous attention for the
wafer-scale synthesis of 2D materials on various substrates because of its simplicity, fast
growth rate, and diverse choices of precursors.
1.2.1 Overview of the CVD process
Figure 1.8 shows a simplified CVD reactor. The substrate rest on a heated furnace center.
When the precursors (normally in gas phase) flows through the tube from left to right, they
decompose or react near the substrate under high temperature and the thin films are deposited
onto the substrate. In general, a CVD process involves the following steps to form the solid
phase materials: the generation of precursors to expected vapor phase, transport of the gaseous
species and the surface reaction on the substrate. Along with the desired deposit, the volatile
by-products are removed by gas flow exiting the chamber.19

FIG. 1.8. A simplified hot-wall thermal CVD reactor.
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1.2.2 Progress in TMDs growth by CVD
In the past decades, many strategies have been proposed to realize the CVD growth of
TMDs. This section briefly reviewed these progresses and their pros and cons using MoS2 as
an example.
In 2012, Liu et al. realized the growth of large-area MoS2 on SiO2/Si and sapphire
substrates using solution-based precursor (NH4)2MoS4 through a two-step process of dip
coating and sulfurization [Fig. 1.9 (a)].21 In addition to the solution precursors, a thin film of
solid metals or metal oxides can also be deposited on the target substrate for the sulfurization
process [Fig. 1.9 (b-c)].22 While these two-step methods are simple and scalable, the thickness
and uniformity of the as-grown MoS2 cannot be controlled and the electron mobility are very
low (0.004-0.8 cm2·V -1·s-1).23

FIG. 1.9 (a) Schemetic illustration of the two-step process of dip coating and sulfurization for the large-scale
synthesis of MoS2 on insulating substrates. Reproduced from 21. (b) Schematic illustration of the two-step process
of MoO3 evaporation and sulfurization for the large-scale synthesis of MoS2, reproduced from 22. (c) MoS2 grown
on a 2-inch sapphire wafer. Reproduced from 22.
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usually generated by the thermal excitation of metal oxide powders (MO3) and S powders
[Fig. 1.10(a)]. It has been reported that, in this method, the crystal shape is highly dependent
on the local Mo:S ratio [Fig. 1.10(a)]. Triangular shape is favored in sulfur-rich or lowtemperature condition due to the much faster growth speed of Mo edge than S edge.
Therefore, edges of triangular shapes are proposed to be S-zigzag terminated. On the other
hand, truncated triangles are produced in Mo rich conditions and the edges consists both Moand S- zigzag terminations.24

In 2015, metal-organic CVD (MOCVD) was proposed as an ideal way to synthesize MoS2
with controlled thickness and large-scale uniformity. Taking advantage of the large vapor
pressure of metal-organic precursors (Mo(CO)6 and C4H10S), they are introduced into the
furnace in vaporous phase with precisely controlled concentrations [Fig. 1.11(a)]. These
precursors are then thermally decomposed in the hot-wall furnace and deposited onto the
substrate through surface diffusion. Therefore, the growth is highly uniform. In addition, it has
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been shown that by carefully controlling the relatively ratio of Mo and S precursors, the MoS2
can be grown in the layer-by-layer mode in this MOCVD method, which means no nucleation
of a second layer was observed when the first layer was growing [Fig. 11(b)]. This enables the
growth of 4-inch wafer-scale films with monolayer thickness.

FIG. 1.11. (a) Schematic illustration of the MOCVD growth. Red balls represent Mo or W atom. Yellow balls
represent S atom. White balls represent carbonyl or ethyl ligand. (b) Optical microscope images of MoS2 at
different growth times. At t0 growth time, a continuous monolayer MoS2 is formed. Scale bar, 10 um. Reproduced
from 20.

1.3 ab initio mismatched interface theory (MINT) calculations
To facilitate the exploration of TMDs-substrate interaction, especially understanding the
charge transfer between TMDs and complex oxide substrates, computational modeling is
called upon to evaluate our experimental findings. However, due to the lattice mismatch
between TMDs and complex oxide substrates, periodicity is absent in such TMDs/oxide
heterostructures and traditional ab initio methods cannot be used for calculating the electronic
structure. Conventional density functional theory (DFT) can only solve isolated or period
systems by building large clusters of periodic material or forming periodic supercells that
contain the aperiodic structure respectively. To study the lattice-mismatched heterostructures,
we applied a newly developed framework called mismatched interface theory (MINT) for
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fully self-consistent electronic structure. It embraces a simple combination of supercell and
cluster approaches to overcome the absence of periodicity in TMDs/oxide heterostructures.25
The MINT calculation starts by placing a terminated cluster C onto a large, periodic
supercell S, where C and S are the two materials forming the interface [Fig. 1.12(a)]. By
performing DFT calculations with various cluster sizes, the convergence of material property
can be studied. As the cluster grows, we can eventually extract the material property of an
infinite interface. Figure 1.12(b) shows an example of the MINT calculation on the charge
transfer between graphene and RuCl3. When the size of hydrogen-terminated graphene
clusters increases, the calculated doping converges quickly to about 4.77% electrons per
ruthenium. MINT allows the calculation of non-periodic interfaces directly using standard
DFT software without specialized techniques or degrading to non-self-consistent tight-binding
models.25 In chapter 3.3.4, we performed MINT calculation to study the charge transfer
between MoS2 and different complex oxide substrates and it turned out to be in good
agreement with experimental results.

FIG. 1.12. (a) Schematic of the terminated cluster C and supercell S. (b) Convergence of the calculated doping δ
with successively more “graphenelike” clusters on RuCl3 supercell.
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Chapter 2 Characterization of monolayer transitional metal
dichalcogenides
2.1 Introduction
Due to the monolayer thickness of TMDs, they are extremely fragile and sensitive to
external disturbance, which makes the characterization challenging. This chapter discusses the
major characterization techniques that are used throughout this thesis to study the
TMDs/complex oxide heterojunctions.
Since different characterization tools have their own advantages and limits, to have
comprehensive information of the TMDs/complex oxide heterostructures, a variety of
characterization tools are utilized in a collective manner. In the following sections, I will first
discuss the optical identification of TMDs, followed by the morphology characterization and
the composition characterization. The combination of these techniques shows the growth
result of TMDs on various substrates by MOCVD. Lastly, I will discuss the strain and doping
characterization that is used to understand the interaction between TMDs and complex oxide
substrates.
2.2 Optical identification
The CVD growth of TMDs may lead to monolayer, multilayer and non-coverage regions
on the substrate. To locate and identify the atomically thin films, optical microscopy is widely
used as a simple, fast, and non-destructive method for the first step characterization.
It has been shown that even monolayer TMDs can produce significant contrast (up to 80%)
with respect to the SiO2/Si substrates under certain interference conditions.1
Figure 2.1 (a) shows the schematic of the optical reflection and transmission of layered
TMDs on the most widely used SiO2/Si substrates. The visibility of TMDs is dependent on the
phase shift of the interference and opacity of the material. According to the theoretical
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calculations, TMDs are visible on SiO2/Si substrate over a wide range of SiO2 thickness and
incident light wavelength. The contrast between single layer MoS2 and the underlying SiO2
substrates is maximized (up to 80%) with green light (495-530 nm) and SiO2 thickness of 90
and 270 nm. As a result, the standard 285 nm SiO2/Si substrates are usually used for TMD

FIG. 2.1 (a) Schematic of the optical reflection and transmission of few-layer TMDs (thickness = d1) on SiO2/Si
substrate with SiO2 thickness = d2. The refraction indexes of TMDs, SiO2, and Si are denoted as n1, n2 and n3
respectively. (b) Color plot of the calculated contrast of MoS2 on SiO2/Si substrate as a function of SiO2 thickness
and incident light wavelength. (c) Optical micrographs of monolayer MoS2 with partial coverage on SiO2, LaAlO3
and SrTiO3. (a) and (b) are reproduced from 1.

In addition, monolayer and few-layer TMDs are visible even on transparent substrates
because they can absorb a small portion of light in visible range. Indeed, monolayer MoS2 is
clearly distinguishable on all the substrates used in this thesis including SiO2, SrTiO3, LaAlO3,
and MgAl2O4 [Fig. 2.1 (c)].
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2.3 Morphology characterization
Optical microscopy only provides rough information about the growth coverage and
uniformity. To further confirm the film thickness and morphology, atomic force microscopy
(AFM) and scanning electron microscopy (SEM) are applied.
AFM is generally used to characterize the 3D topography of material surface. With its
atomic resolution, even monatomic steps in the z direction can be identified, which makes it
very useful in measuring the thickness of TMDs. Figure 2.2 (a) shows the schematic of an
AFM. It works by scanning a sharp tip across the sample surface and carefully maintaining the
force between the probe and surface at a certain setpoint. When a sharp tip on the cantilever
scans across the surface, the surface variation changes the tip-sample interaction and causes
the bending of cantilever, which is detected by a laser incident on the back of the cantilever.
The movement of the reflected laser spot gives an enlarged measurement of the probe
measurement on the position-sensitive photodetector (PSPD). This information is then given
back to a piezoelectric actuator for controlling the tip-sample interaction at a certain setpoint.
With such combination of sharp tip, fast feedback loop and precise control of sample-tip force,
AFM is ideal for measuring the topography of atomically thin TMDs with high resolutions.2
Figure 2.2 (b) presents the AFM images of single layer MoS2 grown on SiO2 by MOCVD.
The thickness measured is about 0.76 nm, in agreement with previous reports.3

FIG. 2.2 (a) Schematic representation of an AFM setup, reproduced from 2. (b) AFM profile of the single layer
MoS2 grown on SiO2 by MOCVD.
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While SEM cannot provide the information about film thickness on the z direction (out of
plane), it can provide valuable information in the x-y direction with its high spatial resolution
and widely tunable magnification range. In SEM, the electrons are focused to a beam spot and
scanned sequentially across the sample. The electrons interact with the atoms in the sample
and generate various signals that contain the sample information. The signals emitted from
each spot are then collected by detectors and combined in sequence to form the image [Fig.
2.3 (a-b)]. There are two types of electrons that are generally collected: secondary electrons
(SE) and backscattered electrons (BSE). SEs come from the exited electrons in the sample,
which are the result of the inelastic interaction between primary electrons and the sample. It
provides information about the topography of the sample surface. On the other hand, BSEs are
primary electrons that rebound back from the sample due to the elastic interaction. Since
atoms with large mass scatters electron stronger, BSEs can help us distinguish different
compositions and phases of the sample.4 Fig. 2.3 (c-d) shows SEM images of single layer
MoS2 grown by MOCVD collected by SE detector and BSE detector respectively. The SE
detector image shows the morphology of MoS2 clearly. BSE detector proves the high growth
quality of MoS2 without any other composites or contaminations.
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FIG. 2.3 (a) Schematic of SEM imaging with serial collection of data points. (b) Schematic of incoming primary
electrons with a sample. (c-d) SEM image of single layer MoS2 grown by MOCVD by (c) SE detector, and (d) BSE
detector. (a) and (b) are reproduced from 4.

2.4 Composition characterization
Raman and photoluminescence spectroscopies are used in a combination way to confirm
the composition of as-grown films. These methods can probe the electronic and phononic
structure of TMDs in a fast and non-destructive way, providing valuable information about
crystal composition and lattice structure.
Figure 2.4 (a) shows the schematic of Raman spectroscopy. It is a light scattering
technique that is used to detect the vibration modes of molecules.5 When a laser incident the
material, the photons excite the molecules and put then onto higher energy states (generally
called virtual states). These virtual states are not stable and photons remits instantly. Most of
the photons go through an elastic scattering process that doesn’t change the laser wavelength
(Rayleigh scattering). However, a small portion of photons undergo an inelastic scattering
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process, in which the molecules gain (or lose) energies from the photons, leading to the
change of laser wavelength. If the molecule gains energy by relaxing to a higher vibration
level than the ground state, the scattered photon loses the corresponding energy and emits in a
higher wavelength (Stokes scattering). Inversely, if the molecules relax to a lower vibration
level than ground state, the photon gains energy (Anti-strokes scattering). The energy level
diagram of these processes are illustrated as a schematic in Fig. 2.4 (b). Since most molecules
are in ground state before scattering, Stokes scattering is more likely to happen and have
stronger intensity. Therefore, Stokes scattering is generally used for Raman spectroscopy.6

FIG. 2.4. (a) Schematic of Raman spectroscopy. (b) Energy level diagram of the different scattering process during
photon-molecule interaction. Rayleigh scattering is an elastic scattering process that doesn’t cause change to the
wavelength of incident laser. Stokes scattering is inelastic scattering process that cause the increase of the incident
laser wavelength because the photons lose energy to the molecules. Inversely, anti-Stokes scattering cause the
decrease of laser wavelength because photons gain energy from the molecules. Reproduced from 5.

Figure 2.5 (a) shows the vibration modes of bulk MoS2.7 According to group theoretical
analysis, four Raman active modes of bulk MoS2 can be observed, including three in-plane
2
1
(32 cm-1), E1g (286 cm-1), E2g
(383 cm-1) and one out-of-plane mode A1g (408 cmmodes E2g

). However, E1g is forbidden in back-scattering experiments due to Raman selection rules

1 8

2
1
and the E2g
mode is relatively hard to detect due to its low frequency. Therefore, only E2g
and
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A1g modes are studied in our experiments, which are used as fingerprints of MoS2.7 In
1
and A1g modes vary
addition, Li et al. have shown that the peak position difference of E2g

monotonously with the layer number of MoS2 exfoliated on SiO2, which are widely used as a
method to detect MoS2 thickness [Fig. 2.5(b)]. Besides, they also show that the peak positions
of MoS2 are dependent on the laser powers [Fig. 2.5(c)].9 Therefore, in this thesis, to study the
charge transfer between monolayer MoS2 and different complex oxide substrates, it is
important to keep the layer number =1 and keep the laser power the same.

FIG. 2.5 (a) Schematic of the Raman active modes and inactive modes of TMDs. Reproduced from 7. (b) Raman
spectra of MoS2 with different thickness on SiO2. (c) Thickness-dependent E12g and A1g peak positions measured by
325, 488 and 532 nm laser respectively. Reproduced from 9.

While Raman detects the phonon vibration modes, photoluminescence spectroscopy
detects the electronic band-structure. Only monolayer MoS2 is a direct band-gap material.
Therefore, the existence of a strong PL peak at about 1.8-1.9 eV will confirm the high quality
of as-grown MoS2, as explained in chapter 1.1.3.
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Chapter 3 Utilizing complex oxide substrates to control carrier
concentration in large-area monolayer MoS2 films
3.1 Abstract
Band-gap engineering is central to the design of heterojunction devices. For
heterojunctions involving monolayer-thick materials like MoS2, the carrier concentration of
the atomically thin film can vary significantly depending on the amount of charge transfer
between the MoS2 and the substrate. This makes substrates with a range of charge neutrality
levels—as is the case for complex oxide substrates—a powerful addition to electrostatic
gating or chemical doping to control the doping of overlying MoS2 layers. We demonstrate
this approach by growing monolayer MoS2 on perovskite (SrTiO3 and LaAlO3), spinel
(MgAl2O4), and SiO2 substrates with multi-inch uniformity. The as-grown MoS2 films on
these substrates exhibit a controlled, reproducible, and uniform carrier concentration ranging
from (1-4) ×1013 cm-2, depending on the oxide substrate employed. The observed carrier
concentrations are further confirmed by our density-functional theory calculations based on ab
initio mismatched interface theory (MINT). This approach is relevant to large-scale
heterostructures involving monolayer-thick materials in which it is desired to precisely control
carrier concentrations for applications.
3.2 Introduction
Interfaces between dissimilar materials have enabled a variety of key technologies1
including high-efficiency light-emitting diodes,2 solar cells,3,4 and quantum electronics.5 Twodimensional transition metal dichalcogenides (TMDs), with a wide range of band structures
and direct band-gaps at monolayer thicknesses, provide a unique materials platform for
interface-engineered electronics.6 Due to their atomic thinness, the electronic properties of
monolayer TMDs can be widely tuned by the substrate. For instance, monolayer molybdenum
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disulfide (MoS2), one of the most studied TMDs, exhibits a higher electron concentration on
SiO2 substrates than when prepared on SrTiO3, h-BN, or Gel-Film®.7–9 Understanding and
further controlling the substrate-dependent carrier concentration is thus important to
developing TMD-based electronics.
Unlike three-dimensional semiconductor heterostructures, the atomic thinness of
monolayer TMDs (< 1 nm) limits the formation of a depletion or accumulation region.10 As a
result, the difference between the charge neutrality level of a TMD and the underlying
substrate leads to a change in the carrier concentration of TMDs through a charge transfer
process to ensure an aligned Fermi level.7,11 This enables direct control of the carrier
concentration in monolayer TMDs by selecting different substrates. Complex oxides, with a
range of charge neutrality levels, provide a means for tuning the carrier concentration in
TMDs that can supplement electrostatic gating or chemical doping,12–14 which are crucial for
device applications (e.g., p-n junctions and transistors). For example, a complex oxide
substrate can be used to uniformly shift the threshold voltage in a TMD-based transistor. The
atomically smooth surface of complex oxide substrates further promotes the formation of a
high-quality interface to TMDs with minimal charged impurities.15
Although charge transfer has been widely studied between graphene and oxide
substrates,16-19 semiconducting TMDs have been synthesized mainly on SiO2,20–22 and
interfacing TMDs with functional complex oxides remains a largely untapped avenue for
altering the electronic properties of the TMDs. While exfoliated MoS2 on LaAlO3 and SrTiO3
have been shown to have different carrier concentrations,7 large-scale growth of MoS2 on
complex oxide substrates with controlled carrier concentration remains an unsolved challenge,
as existing solid-precursor-based CVD only produces monolayer MoS2 with limited spatial
uniformity.23–25
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Here, we report the large-scale growth of monolayer MoS2 with reproducible and
controlled carrier concentrations on a series of complex oxides including perovskites (SrTiO3
and LaAlO3) and spinel (MgAl2O4). These monolayer MoS2 are synthesized on complex
oxides with spatial uniformity across three inches, taking advantage of a metal-organic
chemical vapor deposition (MOCVD) method that uses precisely controlled gas-phase
precursors to improve uniformity.26 The electron concentrations of MoS2 on complex oxides
are substrate dependent and are all lower than that of MoS2 on SiO2, as revealed by our Raman
and photoluminescence spectroscopy (PL) measurements. The Raman and PL measurements
are all performed at room temperature. To understand the observed substrate-dependent
electron concentration of MoS2, we performed density-functional theory (DFT) calculations
using ab initio mismatched interface theory (MINT),27 and the calculated magnitudes of
electron transfer showed excellent agreement with our observation. In comparison, it has been
challenging to treat these heterostructures using previous DFT methods, as they are often
incommensurate due to the distinct lattice symmetry and large lattice mismatch.
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3.3 Results and Discussions
3.3.1 Large-scale and uniform growth of MoS2

FIG. 3.1. Uniform growth of monolayer-thick MoS2 on (100) LaAlO3, (100) SrTiO3, (100) MgAl2O4, and
amorphous SiO2. (a) Schematic of the MOCVD growth process. Precursors are independently introduced into the
furnace. Yellow, sulfur atom; red, molybdenum atom; white, carbonyl or ethyl ligand. (b) Photograph of monolayer
MoS2 grown on 1×1 cm2 LaAlO3 and SrTiO3 substrates. Bare substrates are shown on the left for comparison. (c)
Optical micrographs of monolayer MoS2 with partial coverage and (d) full coverage on LaAlO3, SrTiO3, and
MgAl2O4, respectively. (e) Raman and (f) photoluminescence spectra of MoS2 on LaAlO3, SrTiO3, and MgAl2O4,
respectively. (g) Photograph of monolayer MoS2 grown on a 2-inch diameter fused silica substrate. A bare substrate
is shown on the left for comparison. (h) Raman spectra for MoS2 taken at different locations marked on the
corresponding fused silica wafer from (g). (i) AFM image of monolayer MoS2 grown on LaAlO3.
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Figure 3.1 shows uniform, monolayer MoS2 films deposited on (100) SrTiO3, (100)
LaAlO3, (100) MgAl2O4 (denoted as STO, LAO, and MAO, respectively), and amorphous
SiO2 substrates. The growth was carried out in a home-built MOCVD system following the
design of Kang et al. [Fig. 3.1(a)], using gas-phase precursors of Mo(CO)6 and (C2H5)2S (see
experimental methods in supplementary material for details).26 The as-grown films are
homogenously yellow in appearance and are clearly distinguishable from the bare substrates
[Figs. 3.1(b) and 3.1(g)]. We assessed the quality of the as-grown monolayer MoS2 using
optical imaging, Raman, PL, and atomic force microscopy (AFM). Figures 3.1(c) and 3.1(d)
show the optical micrographs of MoS2 with partial coverage and full coverage, where no
multilayer region was observed before the completion of the growth of the first layer. Raman
spectroscopy reveals characteristic E12g and A1g peaks of MoS2 at 384.1 and 403.6 cm-1 for
MoS2/SiO2 [Fig. 3.1(h)], 384.4 and 405.2 cm-1 for MoS2/LaAlO3, 384.5 and 405.6 cm-1 for
MoS2/SrTiO3, and 383.8 and 404.9 cm-1 for MoS2/MgAl2O4, respectively [Fig. 3.1(e)] (see Fig.
S1 in supplementary material for background subtraction), suggesting the high structural
quality of our monolayer MoS2.7,28 The PL spectra show a sharp A exciton peak for
MoS2/LaAlO3 and MoS2/SrTiO3 (centered at 1.86 eV), as well as for MoS2/MgAl2O4 (centered
at 1.84 eV) [Fig. 3.1(f)], consistent with a previous report on an exfoliated sample.7 The full
width at half maximum (FWHM) of the PL peaks on all substrates was smaller than 70 meV.
An AFM image of monolayer MoS2 grown on LaAlO3 shows a thickness of 0.96 nm [Fig.
3.1(i)], confirming the monolayer thickness.29 Taken together, these features confirm the high
quality of the monolayer MoS2 grown on these oxide substrates.
The large-scale uniformity of the MoS2 on complex oxides is verified by the identical
growth behavior observed on substrates placed 8 cm apart in the MOCVD furnace, and further
corroborated by the uniform growth of MoS2 on a 2-inch SiO2 wafer. MoS2 grown on complex
oxide substrates placed 8 cm apart show the same grain size, nucleation density [Fig. S2],
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Raman features [Fig. 3.2(c)], and PL spectra [Fig. 3.3(f)]. The as-grown MoS2 on a 2-inch
fused silica wafer [Fig. 3.1(f)] shows a homogeneous, greenish-yellow color. Optical
micrographs (Fig. S3) and Raman spectra [Fig. 3.1(h)] taken at different locations across the
wafer, as marked in Fig. 3.1(g), show identical features, confirming the wafer-scale uniformity
of the MoS2 grown.

3.3.2 Raman spectra of MoS2 on different substrates

FIG. 3.2 Raman of monolayer MoS2 deposited on SiO2, MgAl2O4, LaAlO3, and SrTiO3 substrates. (a) Normalized
Raman spectra of monolayer MoS2. (b) From top to bottom: dependence of E12g peak position, A1g peak position,
and FWHM of A1g peak on substrates indicated. (c) Histograms and their Gaussian fittings of A1g peak position of
MoS2 on different substrates. Ten measurements were taken from two substrates placed 8 cm apart (inset) for each
type of substrate.

A semiconductor-insulator junction forms when MoS2 is grown on the above substrates.
This leads to charge transfer to preserve alignment of the Fermi level.11 Using Raman and PL
spectroscopies, we demonstrate that the carrier concentration of MoS2 can be controlled by the
substrate upon which it is grown. Figure 3.2(a) compares the Raman spectra of MoS2 grown
on SiO2, MgAl2O4, LaAlO3, and SrTiO3. The E12g mode (in-plane vibration) shows little
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dependence on substrate. Specifically, only small shifts in the E12g peak position of -0.26 cm-1
for MoS2/MgAl2O4, +0.38 cm-1 for MoS2/ LaAlO3, and +0.44 cm-1 for MoS2/SrTiO3 are
observed relative to that of MoS2/SiO2 [Fig. 3.2(b)]. The E12g peak position is known to depend
linearly on the magnitude of the strain.30,31 From previous studies, E12g peak shifts by 2.1 cm-1
per % of uniaxial strain30 and by 5.2 cm-1 per % of biaxial strain.31 Thus, the strain in our
MoS2 films on complex oxides do not exceed 0.21% (uniaxial) or 0.09% (biaxial). The
minimal magnitude of strain suggests the intrinsic lattice constant of MoS2 is not being
perturbed by the underlying substrate.
In contrast to the E12g peak, the A1g peak exhibits a sizeable blue shift as well as a narrower
FWHM [Fig. 3.2(b)], when the substrate is changed from SiO2 to complex oxides. The blue
shift is uniform across the entire film, as seen by the narrow distribution of the A1g peak
position measured at ten locations on two substrates placed 8 cm apart during growth [Fig.
3.2(c) and Fig. S2]. The distributions of A1g peak position display blue shifts of 1.28 ±

0.04 cm-1 (for MgAl2O4), 1.66 ± 0.06 cm-1 (for LaAlO3), and 1.98 ± 0.06 cm-1 (for SrTiO3)

relative to MoS2 grown on SiO2. The position of the A1g peak is sensitive to strain30,31 and to

electron doping due to the much stronger electron-phonon coupling of the A1g mode compared
to the E12g mode32. Since the Raman measurements show the strain effect to be minimal, we
attribute these sizable blue shifts in the A1g peak to different amounts of charge transferred
from the substrates. Based on the reported relationship between the electron density and A1g
peak position,32 the electron density of monolayer MoS2 grown on MgAl2O4, LaAlO3, and
SrTiO3 is estimated to be 0.30×1013 cm-2, 0.48×1013 cm-2, and 0.65×1013 cm-2 lower than when
MoS2 is deposited on SiO2, respectively.
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3.3.3 Photoluminescence spectra of MoS2 on different substrates

FIG. 3.3. Effect of the substrate on the photoluminescence of monolayer MoS2. (a) Schematics of neutral exciton
(A0), negative trion (A-), and positive trion (A+). (b) PL of monolayer MoS2 grown on different substrates. (c) Peak
position of A0 and A- as a function of substrate materials. (d) The intensity ratio between negative trion emission
and neutral exciton emission (IA− /IA0 ) and between negative trion emission and total A exciton emission (IA− /
ITotal ), in which ITotal = IA− + IA0 . (e) Estimated electron density in MoS2 as a function of substrate material. (f)
Histograms of trion spectral weight (IA− /ITotal ) of MoS2 on different substrates. For each substrate, ten different
measurements were taken from two substrates placed 8 cm apart during growth, as shown in [Fig. 3.2(c)]. The top
axis shows the corresponding electron density calculated from a mass action model.14

The difference in electron density for MoS2 grown on different substrates is further
confirmed by PL spectroscopy. As a direct band gap semiconductor, MoS2 shows strong PL
emission at room temperature,33 and the prominent A exciton peak can evolve into multiple
peaks corresponding to a neutral exciton (A0), a negatively charged trion consisting of two
electrons and one hole (A-),12 or a positively charged trion consisting of one electron and two
holes (A+) [Fig. 3.3(a)].13 For n-doped MoS2, the intensity ratio of negatively charged trions
and neutral excitons can be used to determine the corresponding electron concentration.14
- 29 -

Figure 3.3(b) presents the PL spectra for monolayer MoS2 on SiO2, MgAl2O4, LaAlO3, and
SrTiO3, together with three Lorentzian functions fitted to peaks corresponding to A- (red
curve), A0 (blue curve), and B (gray curve) excitons.33 We note that the A- and A0 peaks show
blue shifts when the substrate is varied from SiO2 to MgAl2O4, LaAlO3, and SrTiO3. This is
caused by the dielectric screening of the Coulomb interactions.34 As the dielectric constant
increases from SiO2 (κ ≈ 4) to MgAl2O4 (κ ≈ 8), LaAlO3 (κ ≈ 24), and SrTiO3 (κ ≈ 300),35–37
both the electronic band gap and the exciton binding energies of MoS2 decrease, leading to a
small blue shift of A- and A0 PL peaks. We note that the large κ of SrTiO3 does not result in a
substantial blue shift, which is caused by the PL peak energy approaching the electronic band
gap. This observation is consistent with previous report by Lin et al.34 that A- and A0 peak
positions start to saturate (approaching the electronic band gap) as the relative dielectric
constant of the environment exceeds 18.
Figure 3.3(d) compares the intensity ratio between the trion peak and neutral exciton peak
(IA− /IA0 ). MoS2/SiO2 has the highest IA− /IA0 intensity ratio of 1.62 ± 0.12, while this value
drastically decreases to 0.60 ± 0.03 for MoS2/MgAl2O4, 0.52 ± 0.03 for MoS2/LaAlO3, and

0.46 ± 0.06 for MoS2/SrTiO3. Based on the quantitative relation from the mass-action model,
which estimates the exciton and trion population by assuming dynamic equilibrium (A0 + e- ↔

A-),14 the differences in electron concentration are estimated to be Δn (MoS2/SiO2 -

MoS2/MgAl2O4) ≈ 2.53×1013 cm-2, Δn (MoS2/SiO2 - MoS2/LaAlO3) ≈ 2.70×1013 cm-2 and Δn
(MoS2/SiO2 - MoS2/SrTiO3) ≈ 2.89×1013 cm-2 [Fig 3.3(e)]. The lower, and closer to intrinsic,
electron density of MoS2 on complex oxides than on SiO2 might be enabled by the atomically
smooth surfaces of complex oxide substrates with reduced interfacial impurities.8,15,38 The
large-scale uniformity of the electron concentration in our MoS2 films is corroborated by the
narrow distributions in the histogram of the trion spectral weight [Fig. 3.3(f)] calculated from
PL spectra measured at different locations on two substrates placed 8 cm apart during growth.
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The observed changes in the Raman A1g peak frequency and the trion-to-neutral-exciton
intensity ratio show a consistent trend of electron transfer variation among MoS2 on different
substrates [Fig. 3.4(a)]. In particular, MoS2 grown on SiO2 has a much higher electron
concentration than does MoS2 grown on complex oxides; the MoS2 grown on MgAl2O4,
LaAlO3, and SrTiO3 show a progressive decrease in electron concentration. We note that the
electron concentrations estimated by PL using the mass action model14 are significantly higher
than those derived from the Raman peak shift measured in a MoS2-based field-effect
transistor.32 These differences could be due to several reasons. For instance, the defect levels
of our films can be different from exfoliated MoS2 devices studied in previous reports, which
can lead to different Raman responses. While the carrier concentration of the MoS2 film can in
principle be directly measured utilizing the Hall effect, the low conductivity of the as-grown
film makes such Hall measurements challenging.
3.3.4 Ab Initio mismatched interface theory (MINT) calculations

FIG. 3.4 Charge transfer between substrates and MoS2. (a) The trion spectral weight [IA− /(IA− + IA0 )] as a function
of the corresponding A1g peak position for MoS2 grown on different substrates and its linear fit. The top-left of the
diagram corresponds to high electron transfer from substrate to MoS2 and the bottom-right corner to low electron
transfer from substrate to MoS2. (b) Comparison of the electron concentration of MoS2 on different oxide substrates
made between calculated values based on MINT and measurements based on PL.
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To understand the observed substrate-induced charge transfer, we performed ab
initio mismatched interface theory27 (MINT) calculations of increasingly large MoS2 clusters
(3, 6, 12, and 18 unit cells, respectively, see Fig. S4 in supplementary material) above each
oxide substrate layer. The finite-size scaling of the cluster calculations predicts electron
concentrations of 2.49±089, 1.38±0.18, 1.15±0.09, and 0.97±0.19 (in units of 1013 cm-2) for
MoS2 on SiO2, MgAl2O4, LaAlO3, and SrTiO3, respectively. These results are in good
agreement with the carrier concentrations derived from PL measurements (Fig. 3.4b).
Specifically, the MINT predicted values for MoS2 on complex oxides are very close to those
derived from PL (<15% lower). For MoS2 on SiO2, the difference between MINT and PL is
larger (~38% lower). This underestimation of carrier concentration can likely be attributed to
carriers released from depopulated trap states at the interface of MoS2/SiO2, which are not
considered in MINT calculations and could thus result in higher doping.39 On the other hand,
such interfacial impurities of MoS2 on complex oxides could be much less than SiO2 due to its
atomically smooth surface.
3.4 Conclusions
In conclusion, monolayer MoS2 were grown on spinel (MgAl2O4) and perovskite (SrTiO3
and LaAlO3) substrates by MOCVD with three-inch uniformity. Our Raman and PL
measurements combined with ab initio calculations (MINT) establish MoS2 grown on these
substrates exhibit a controlled, reproducible, and uniform carrier concentration depending on
the oxide substrate employed. This large-scale MOCVD process at relatively low growth
temperature is not limited to MoS2 on MgAl2O4, LaAlO3, and SrTiO3. It can be readily applied
to create interfaces between semiconducting TMDs and a myriad of complex oxides. Indeed,
our preliminary attempts show that MoS2 growths are also possible on gadolinium gallium
garnet (GGG), YAlO3, and sapphire (Fig. S5 in supplementary material). Our results
demonstrate a means to provide uniform and reproducible electron transfer over large areas.
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Thus, complex oxide substrates possess significant potential for creating wafer-scale TMDbased devices with various electronic and optoelectronic properties.
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3.6 Supplementary materials
Section 1 - Experimental methods
MOCVD growth: The growth of monolayer MoS2 was carried out in a 95 mm (inner
diameter) hot-wall quartz tube furnace. Molybdenum hexacarbonyl (Mo(CO)6, MHC, Sigma
Aldrich, 99.9% purity) and diethyl sulfide ((C2H5)2S, DES, Sigma Aldrich, 98 % purity) were
used as chemical precursors for molybdenum and sulfur. They entered the furnace in the gas
phase due to their high equilibrium vapor pressure near room temperature.40 SAES in-line gas
purifiers were used to remove residual water vapor and oxygen from ultra-high purity H2 and
Ar. The growth was performed at 600 ℃ with a total pressure of 5.98 Torr. The flow rates
were 6 sccm for MHC, 0.3 sccm for DES, 1 sccm for H2, and 1200 sccm for Ar, which were
regulated by mass flow controllers (MFC). The growth time for continuous monolayer MoS2
was 2.25 hours on SiO2, 2.5 hours on SrTiO3, 2.8 hours on LaAlO3, and 3.3 hours on MgAl2O4.
The growth time can be further reduced to 0.83 hours on SiO2 by increasing the growth
pressure and flow rates while still achieving uniformity over large-area substrates (see Figure
S6). NaCl was loaded in the upstream region to act as a nucleation suppressant during the
growth.40
Raman and Photoluminescence Spectroscopy: The Raman and PL spectra were excited with
a 532 nm laser under ambient conditions in a confocal Raman spectroscopy system (WItecAlpha300 R). A 100× objective was used with a numerical aperture of 0.9 and a working
distance of 1 mm. The laser power on the sample was 1 mW. Multiple spectroscopy
measurements were taken across the substrates. The background signal measured on bare
substrates under the same measurement conditions were subtracted for Raman and PL analysis.
MINT calculations: To calculate the charge transfer between MoS2 and the substrates, we use
ab initio mismatched interface theory (MINT)41 and perform density-functional theory (DFT)
calculations of increasingly large MoS2 clusters consisting of 3-, 6-, 12-, and 18-Mo atoms
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above a substrate layer. From finite-size scaling of the cluster calculations we predict charge
transfer to MoS2 of 3.30, 1.38, 1.15, and 0.97 (in units of 1013 cm−2 ) from SiO2, MAO,

LAO, and STO, respectively. The ab initio MINT calculations were carried out within the
total-energy plane wave density-functional pseudopotential approach, using Perdew-BurkeErnzerhof generalized gradient approximation functionals42 and optimized norm-conserving
Vanderbilt pseudopotentials.43 Plane wave basis sets with energy cutoffs of 30 Hartree were
used to expand the electronic wave functions. We used fully periodic boundary conditions and
a 9 × 9 × 1 𝑘𝑘-point mesh to sample the Brillouin zone. Electronic minimizations were carried
out using the analytically continued functional approach starting with an LCAO initial guess

within the DFT++ formalism,44 as implemented in the open-source code JDFTx45 using direct
minimization via the conjugate gradients algorithm.46 All unit cells were constructed to be
inversion symmetric about 𝑧𝑧 = 0 with a distance of ≈ 60 Bohr between periodic images of
the substrate, using Coulomb truncation to prevent image interaction.
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Section S2 - Raman and PL spectra of MoS2 on complex oxides compared to bare substrates

FIG. S1. (a) Raman and (b) photoluminescence spectra of monolayer MoS2 grown on LaAlO3, SrTiO3, and
MgAl2O4, respectively, with comparison to signals from bare substrates.
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Section S3 - Growth uniformity of MoS2 on complex oxide substrates

FIG. S2. (a) Optical micrographs of MoS2 grown on two identical substrates placed 8 cm apart in the MOCVD
furnace. (b) Raman and photoluminescence spectra of MoS2 on complex oxides measured from ten different
locations at the positions marked in the schematic diagram.
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FIG. S3. (a) Optical micrographs of MoS2/SiO2 taken at the locations marked on the schematic of the
corresponding wafer.
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Section S5 – MINT calculations of electron transfer from oxide substrates to MoS2.

FIG. S4. Convergence of calculated electron doping ne of MoS2 based on MoS2 cluster-oxide heterostructures with
increasing cluster size on (a) SiO2, (b) MgAl2O4, (c) LaAlO3 and (d) SrTiO3. In each plot, the value of electron
concentration of MoS2 (marked by the red dashed line) is extrapolated from the power law fitting (black dashed
line) of the calculated values for different MoS2 cluster sizes (blue circles).
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Section S6 - Growth of MoS2 on other oxide substrates

FIG. S5. (a) Optical micrographs and (b) Raman spectra of monolayer MoS2 grown on GGG, sapphire, and YAlO3
substrates, respectively.

Section S7 - Fast growth of MoS2 on SiO2 substrates

FIG. S6. Scanning electron microscopy (SEM) images of MoS2 grown on SiO2 in different growth times. A
continuous monolayer is reached at a growth time of 50 min.
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Section S8 – Charge transfer between MoS2 and Nb-doped SrTiO3
We have grown MoS2 on 0.05 wt.% Nb-doped (100) SrTiO3 (Nb:SrTiO3) and the charge
transfer observed in Nb:SrTiO3, which is electron doped that elevate its fermi level,47 is larger
than undoped SrTiO3. This is expected because due to the heavy electron doping, the Fermi
level of the Nb:SrTiO3 is set to be very close to the conduction band, far above the charge
neutrality level of undoped SrTiO3. Raman spectra [Fig. S6(a)] reveal that MoS2 grown on
Nb:SrTiO3 shows a A1g peak position of 404.9 ± 0.04 cm-1, which is 0.71 ± 0.06 cm-1 smaller
than that of MoS2 grown on undoped SrTiO3 [Fig. S6(b)], suggesting a greater electron
transfer from Nb:SrTiO3 to MoS2.

FIG.S7. Raman of monolayer MoS2 deposited on SiO2, Nb-doped SrTiO3 and undoped SrTiO3 substrates. (a)
Normalized Raman spectra of monolayer MoS2. (b) Histograms and their Gaussian fittings of A1g peak position of
MoS2 on different substrates.
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Chapter 4 Outlook and conclusions
4.1 Conclusions
In summary, this thesis demonstrates the large-scale control of MoS2 carrier concentration
using complex oxide substrates. This capability is based on two findings. First, MoS2 can be
grown on a variety of complex oxide substrates, including MgAl2O4, LaAlO3, and SrTiO3 by
MOCVD with inch-scale uniformity and monolayer thickness. Second, the MoS2 grown on
different oxides have different electron density due to the unequal amount of charge transfer
across the MoS2/oxide interface. The combination of these two points enables the large-scale
control of electron density. This large-scale MOCVD process is not limited to MoS2 on
MgAl2O4, LaAlO3 and SrTiO3. It can be readily applied to produce various TMDs/oxide
heterostructures at a relatively low growth temperature. Therefore, complex oxide substrates
possess great potential in TMD-based devices with various electronic and optoelectronic
properties.
4.2 Outlook
There are great potentials and opportunities in both the doping of TMDs by charge transfer
and the construction of TMDs/complex oxide heterostructures. For instance, by seeking the
vast family of complex oxides, one may find a substrate with a very low charge neutrality
level that could cause electron transfer from MoS2 into the substrate, leading to p-type
conductivity of MoS2. This charge transfer enabled doping avoids the introduction of
impurities and may lead to TMD-based devices with ultra-high mobility. In addition, complex
oxide substrates, with their diverse dielectric, (ferro-)electric, and (ferro-)magnetic properties,
can be actively used to modify the properties of overlying TMDs to enable new functionalities
(synergetic effect). Such stack of 2D/complex oxide will provide a versatile platform for novel
material functionalities and interface phenomena.
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