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Abstract of the Dissertation 

 

Epitaxial Transition Metal Dichalcogenide Films on GaN:  
Growth in High Vacuum and Characterization  

 

by 

Hae In Yang 

Doctor of Philosophy, Graduate Program in Materials Science and Engineering  
University of California, Riverside, June 2024 

Dr. Ludwig Bartels, Chairperson 
 

 

2D materials such as Transition metal dichalcogenides (TMDs), MoS2 and WS2, 

possess unique properties, namely tunable bandgap, novel optical and electronic 

characteristics, generating substantial interest as promising materials for transistors and 

photodetectors. 2D materials incorporated with 3D material can enhance device 

performance by the interfacial and epitaxial relationship between 2D materials and 3D 

materials such as Gallium Nitride (III–V semiconductors), which is almost perfectly lattice 

matched with MoS2. Although several studies have explored an understanding of the 

interface and device performance of 2D/3D material integration, we offer in-depth insight 

into the optimization of the interface and a unique growth process for integrating TMDs 

and GaN under a high vacuum system (~10-7 torr). Therefore, the aim of this dissertation 

research is to discuss an epitaxial growth mechanism and characteristics of 

heterostructures.  
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The first part of the dissertation research aimed to optimize the in-situ interface 

preparation of GaN by Neon sputtering and ammonia annealing treatment before growing 

MoS2 in a high vacuum system. We achieved epitaxial growth of MoS2 on nitrogen-

terminated GaN surface, resulting in 2 × 2 reconstruction acquired by low-energy electron 

diffraction (LEED). The MoS2/GaN diode exhibited a high on-off ratio of ~105 at 1 V and 

a low turn-on voltage (~0.3 V), resembling a Schottky diode.  

The second part of the project attempted optimization of in situ epitaxial growth of 

GaN on MoS2 without MoS2 removed. GaN growth was controlled by substrate 

temperature, Gallium evaporation rate and high voltage for filaments to activate ammonia. 

The structural quality of the GaN/MoS2 films was evaluated through X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy. 

In the third part, bright photoluminescence (PL) in TMD heterostacks, alternating 

layers of MoS2 and WS2 on GaN, was explored. Layer by layer and 3R (Rhombohedral) 

type stacking TMD films were confirmed by Cross-sectional transmission electron 

microscopy (TEM). In electrical transport characteristics, The TMDs heterostacks show a 

Schottky-diode behavior with a high on-off ratio of up to 106 and the breakdown voltage 

under -100V. Furthermore, the comparison of wafer scale WS2/MoS2 vs MoS2/WS2 is 

investigated.  
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Chapter 1: Introduction 

 2D materials: Transition Metal Dichalcogenides 

The existence of bandgaps in transition metal dichalcogenides (TMDs) (e.g., MoS2, 

WS2, MoTe2) offers an attractive possibility of using these layered materials in various 

device applications.1 Single-layer TMDs with direct bandgaps are promising for 

optoelectronic applications since the band structure of TMDs depends on their thickness.2 

MoS2 is a typical example of TMDs and has been most researched. The single layer or few 

layers of MoS2 thin film transistors have been studied to perform a high on/off ratio(~108) 

and mobility of > 200 cm2/Vs.3 Ultrathin TMDs have been made to utilize chemical vapor 

deposition (CVD),4 metal–organic CVD (MOCVD),5 and atomic layer deposition (ALD).6 

Owing to weak Vander Waals interaction between layers, thin TMDs can be easily 

exfoliated from their bulk forms.7 TMDs like MoS2 and WS2 can exist in several phases: 

2H, 1T, and 3R. 2H-MoS2 is the most thermodynamically stable arrangement, as shown in 

Fig. 1.1, and 3R-MoS2 is the second most stable phase of MoS2.8  

 

Figure 1.1 (a) Side view (b) top view of an atomic representation of 2H-MoS2 
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 3D materials: Gallium Nitride 

Gallium nitride (GaN) has been one of the most promising materials for use in wide 

bandgap semiconductors with electronics and optoelectronic devices over the past years.9 

Gallium nitride, initially introduced into semiconductor technology as a wide-band-gap 

(~3.4 eV) material able to provide blue light-emitting diodes10 has found a number of 

additional applications for power conversion.11 However, the lack of a lattice-matched and 

thermally compatible substrate to GaN is a major challenge. Also, large-area deposition, 

the crystallinity of the grown layers, and the residual stress are important general issues in 

the epitaxial growth or the deposition of the functional layers. Nucleation difficulties at 

high temperatures and mismatching of a lattice are typically observed during the growth of 

GaN directly on a substrate. For those reasons, most GaN films are grown on thin buffer 

layers of either A1N or AlGaN. Most of the GaN films grown have a hexagonal wurtzite 

crystal structure, which is characterized by the lattice parameters a0 (3.189 Å) and c0 (5.185 

Å).12 Molecular beam epitaxy (MBE) and Metalorganic chemical vapor deposition 

(MOCVD) are the most common techniques for GaN growth. 

 

Figure 1.2 (a) Side view (b) top view of atomic representation of GaN 
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 Epitaxial growth 

Epitaxy comes from the Greek words: epi- means above/on top of, and -taxis means  

an ordered manner.13 Epitaxial growth refers to a crystallographic-oriented growth between 

the crystalline substrate and vertically stacked film. There are two types of epitaxy, 

homoepitaxy and heteroepitaxy. Homoepitaxy is when a grown film matches the material 

of its substrate, while heteroepitaxy is when a grown film is a different material from its 

substrate.13 In this dissertation research, we focused on heteroepitaxy between TMD 

materials and GaN. In heteroepitaxy, similar lattice parameters and crystallographic orient 

relationships between epilayers and substrate are required to achieve desired applications. 

The lattice parameters of 2D materials and 3D materials are summarized in Table 1.1.  

Materials Phase a [Å] Materials Phase a [Å] 

MoS2 2H 3.160 14 PtS2 1T 3.591 15 

MoTe2 2H 3.519 16 PtSe2 1T 3.785 15 

 1T 3.493 17 PtTe2 1T 4.069 15 

 1T' 3.454 17 HfS2 1T 3.635 18 

MoSe2 2H 3.288 14 HfSe2 1T 3.748 18 

WS2 2H 3.153 14 GaN 2H 3.189 19 

WTe2 2H 3.600 16    

WSe2 2H 3.260 14    

Table 1.1 Lattice parameters of TMDs and GaN 

 

Epitaxial growth has been an important technique in heterostructure device 

applications with the integration of 2D and 3D materials. For instance, integration devices 
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with GaN and MoS2 have the potential to take advantage of conventional 3D 

semiconductors and the unique properties of thin 2D films. Furthermore, MoS2 and GaN 

combination offers ideal epitaxial growth conditions since GaN and MoS2 possess in-plane 

lattice mismatch of only ~0.8% and thermal expansion coefficient mismatch of 1%.19 

 

Chapter 2: Instrumentation 

 High Vacuum Growth Chamber  

 

Figure 2.1 (a) Photo of the high vacuum growth chamber (b) Photo of the chamber inside during 
MoS2 deposition (c) Schematic representation of the growth reactor. 
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Figure 2.2 Photo of (a) the gallium Knudsen cell (b) the chamber during Gallium deposition (c) 
chamber inside (d) Thin film thickness monitor, power supply for Knudsen cell, multimeter for 
thermocouple. 

A vacuum chamber is equipped with a rough pump and a turbo pump to achieve 

high vacuum at 10-7 torr. It sets up a leak valve for H2S, NH3, and Ne, as shown in Figure 

2.1(a). In order for Ion sputtering on the blank substrate, the sputter gun is equipped with 

a leak valve, which allows neon gas to be leaked. A mass spectrometer is set up to find 

leaks in vacuum chambers using helium and detect the various gases from gas lines to 

approach a clean environment for growth. In figure 2.2 (a), a Knudsen cell filled with 

Gallium (Alfa, 99.9999%) is used to deposit gallium nitride films and is controlled 

remotely via a power supply (Agilent 6653A). In Figure 2.1(b), 2.2 (c) and (d), quartz 

crystal sensors on the left flange port equipped with a thin film thickness monitor are used 

to monitor evaporation rate and thickness, leading to a reliable process for GaN growth. A 

Video camera mounted on the top of the observation window is used to monitor 

colorimetric measurements of the reflection of the filaments from the sample. Inside the 

fast access entry door, a 3-inch hot plate and sets of 0.5mm Molybdenum of 0.5mm 

thickness and Tungsten filaments of 0.2794mm thickness are installed, as shown in Figure 
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2.1(b). The heater is controlled by a power supply (Agilent 6675A), and filament power is 

controlled via a switch relay box and power supply (Agilent 6031A) remotely through a 

LabVIEW program.  

 Ultra-High Vacuum techniques 

Low energy electron diffraction and X-ray photoelectron spectroscopy need to be 

operated under ultra-high vacuum (~10-9 to 10-10 torr) since otherwise, the mean free path 

of electrons or ions would be too small, and the surface would be covered with 

contaminants from the residual atmosphere so that we wouldn’t get any useful results. The 

ultra-high vacuum can be reached by turbomolecular pumps, which cannot be operated 

under the atmosphere, so rotary oil pumps are required to obtain a low vacuum (~10-2 torr) 

before pumping down turbo pumps. The gas inside the chamber and water on the wall are 

removed quickly by heating so that bake-out at a temperature over 100 °C is applied. To 

measure pressure in a range of 10-3 and 10-11 torr, we use ionization gauges. 
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 Low Energy Electron Diffraction 

 

Figure 2.3 (a) Schematic of computer-controlled LEED system and the obtained LEED image of 
GaN at a beam energy of 100eV on the monitor (b) Photo of LEED system (upside down) (c) 
scattering of wave at a lattice.  

 

Low energy electron diffraction (LEED) is the common technique to study the 

order of periodic surface structures and partially disordered structures. L. de Broglie 

proposed the concept of wave-like behavior of matter, and it follows de Broglie waves 

equation:	 Wave	length	λ = !
"#
,		Planck''s constant	ℎ, velocity	𝑣, 𝑎𝑛𝑑	mass.	 As for 

electrons, the wavelength for 100 eV (low energy) electrons is 1.2 Å from the equation. 

Considering the universal curve20, the mean free path of electrons at a range of 20 eV to 

300 eV is below 1nm, indicating only electrons scattered from near the surface can be 

emitted, which means LEED is a surface-sensitive technique. 
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As shown in Fig 2.2 (a), electrons emitted from filaments leave and move through 

the drift tube of the electron gun with the desired energy and hit the GaN sample surface. 

Backscattered electrons from the surface pass toward three hemispherical grids. The first 

grid is grounded, leading the scattered electrons not to be deflected between the first grid 

and the sample. The second grid is biased negative potential, slightly smaller than electron 

energy, so that repels the inelastically scattered electrons. In this experiment, we used a 

grid, which is 2 eV less than electron energy. Elastically scattered elections pass 2nd grid 

and are accelerated onto a screen by kilovolts positive potential (3kV). The 3rd grid is used 

for the improvement of LEED patterns by avoiding field inhomogeneities.15. Our LEED 

system from OCI Vacuum Microengineering Inc (BDL 800IR) is built in an ultra-high 

vacuum chamber. It controls energy and filament current from the power supply remotely 

and observes diffraction patterns of hexagonal crystalline GaN substrate through a camera. 

The principle of the diffraction pattern formation is started from Bragg’s Law, as 

shown in Fig 2.2 (c). Once an incident wave of electrons scatters at a lattice spot, 

backscattered wave interference occurs given by the equation: 𝑛𝜆 = 𝑑	𝑠𝑖𝑛𝜑  (a is the 

distance between lattice spots, n is an order of diffraction, and 𝜑 is the angle between the 

incident and scattered).21 This equation determines the direction of the scattered wave and 

diffraction spots on the screen. For example, GaN has a sharp hexagonal diffraction pattern 

(1×1) due to the periodicity of GaN (0001).  
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 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a useful technique to obtain information 

on a surface to a depth 7-110 Å: a. Elements’ identification in the surface, b. Quantitative 

analysis, c. Oxidation state, d. Charge transfer, e. Valence band edge below Fermi level.  

Figure 2.3 shows an illustration of XPS system and acquired results. The principle 

of the X-ray source is that electrons from the filament are emitted by thermionic emission, 

and they are accelerated onto the anode at a high voltage (~ +14kV). The anode needs to 

be water-cooled since a lot of power is generated in the X-ray source. The anode is covered 

with metal, typically Aluminum (Al K𝛼=1486.6 eV) and Magnesium (Mg K𝛼 1253.6eV). 

X-rays are generated with energy depending on anode materials and leave the source 

through a thin Aluminum foil window. X-rays move toward a sample and penetrate a few 

nanometers of the sample surface and excite photoelectrons with kinetic energy. 

Photoelectrons with different kinetic energy can travel on the surface in the range of 1 and 

100 Å depends on universal curve.20 The ejected photoelectrons move to the analyzer and 

are energy segregated. The elections passed through slit travel depending on the potential 

difference (Pass energy, Ep) between the inner and the outer hemisphere. With a smaller 

pass energy, a higher energy resolution and less elections counted. When the electrons 

arrive at a detector, the electrons with higher kinetic energy travel close to outer hemisphere 

so that electrons are energy-segregated. A detector consists of two microchannel plates that  

amplify electron counts. Multiplied electrons that pass through plates head to phosphors 

screen, and we can observe electron counts correspond to a certain kinetic energy through 
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a CCD camera. When Kinetic energy (Ek) converts to binding energy (Eb) with following 

equation:  E$ = ℎ𝑣 − E% − 𝑒𝜑 (ℎ𝑣 photon energy and 𝜑 work function of spectrometer), 

an image with y-direction as a function of binding energy is produced. The counts in the 

image are integrated to collect plots with counts as function of binding energy. For our 

work, XPS was carried out using an X-ray source from PSP vacuum tech. TX400/2 and 

electron analyzers from Scienta omicron. 

 

Figure 2.4 Illustration of XPS system and obtained results of GaN sample.  
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 Photoluminescence 

 

Figure 2.5 Schematic of PL/Raman system and observed PL peak at 1.9 eV of MoS2/Si on the 
monitor 

When TMD materials absorb the laser with 532 nm, which provides photons with 

energy larger than the band gap, the electrons in films are excited to the conduction band, 

and holes are created at the Valence band. In direct bandgap, excited electrons go back to 

the VB and emit energy, forming excitons, electron, and hole pairs, which are attracted to 

each other by coulomb force. Single layer MoS2 and WS2 have a direct bandgap, leading 

strong PL around 1.85 eV and 2.02 eV of Photon Energy, respectively. On the other hand, 

multilayer MoS2 and WS2 have indirect bandgap, showing low intensity and lower photon 

energy peak due to non-radiative recombination and smaller bandgap. Also, defects or 
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oxidation of film causes the non-radiative recombination which leads reduction of PL 

intensity.7 Multilayer WS2/MoS2 stacked films have a unique PL characteristics, described 

in further detail in the next chapter.  

Our samples were analyzed with PL/Raman using a HORIBA LabRAM with a 

532nm excitation laser. Figure 2.4 shows how the optics work. 532 nm laser reflected off 

by several mirrors passes through 100x objectives and hits the sample. Raman/ PL signal 

from the sample hit the filter to set apart backscattered laser light. The signal is focused 

through a hole slit and dispersed by the grating (1800 grooves/mm), which allows the signal 

to separate the constituent wavelength and scatter onto a CCD camera. Typically, there 

were 600 and 1800 grating and higher grating is used for better resolution, but fewer counts 

and a longer duration. 

  Device Fabrication 

 

Figure 2.6 Schematic representation of WS2/MoS2/GaN device fabrication (a) 1st patterning for 
WS2/MoS2 (b) 2nd pattenring for GaN contacts (c) 3rd patterning for area defined  

 

To investigate transport characteristics of 2D materials on 3D materials, we 

patterned diodes using E-beam lithography (EBL) and E-beam evaporator. Fabrication 

consists of multiple steps: first, the substrate is spun down with a few hundred nm of 
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PMMA resist C5 and proceeded to bake at 150 °C for 90 s. MoS2 contact 

areas(120um×120um) are defined by EBL system and then MIBK is used to develop the 

patterns. The sample is loaded in an E-beam evaporator system, and a 5 nm titanium/50 

nm gold stack is deposited on the sample [Figure 2.5a]. After liftoff using Acetone and 

deposition of a new resist layer, the sample is loaded in an XPS chamber to remove MoS2 

films via sputtering with argon at 3 keV and define GaN. Without breaking the vacuum, a 

5 nm of Ti and 50 nm of Al stack is deposited. After Al deposition, the sample is transferred 

through air to an evaporator in clean room and 50nm of gold as a capping layer is deposited 

[Figure 2.5b]. After liftoff, the third lithographic step begins by defining the area between 

the contacts and MoS2 is removed by Ar sputtering at 3keV. The final device is shown in 

Figure 2.5c.  

 

  Transport characteristics 

The transport characteristics are measured by a four-probe method in this research 

in order to exclude contact resistance and calculate the voltage drop across where we are 

interested (e.g., MoS2/GaN stack). DC current from Keithley 2400 is operated between the 

source and drain contact pad through probe tips. Two electrometers read the voltage drop 

depending on where electrometers are applied. As shown in Figure 2.6a, the electrometer 

(Vsense1) reads a voltage drop in GaN contact resistance (RGaN) and the electrometer (Vsense2) 

reads a voltage drop in GaN channel resistance (Rch) and GaN contact resistance (RGaN). 

When the Voltage source substrate Vsense2, only resistance in MoS2, which we aim to 
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calculate, remains. Therefore, we can approximate transport characteristics dominated by 

MoS2 [Figure 2.6c]. 

 

Figure 2.7 (a) Schematic of MoS2/GaN diode with 4-probe terminal. (b) Relation of Voltage drop 
and Resistance. (c) logarithmic plot of Current-Voltage characteristics of MoS2/GaN diode. 

 

Chapter 3: Epitaxial MoS2/GaN diode with a low knee voltage  

The following chapter contains excerpts from “Epitaxial Molybdenum Disulfide/Gallium 

Nitride Junctions: Low-Knee-Voltage Schottky-Diode Behavior at Optimized Interfaces” 

by Yang, H. I., Coyle, D. J., Wurch, M., Yadav, P. R., Valentin, M. D., Neupane, M. R., 

Almeida, K., and Bartels, L. 
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 Motivation 

MoS2 and GaN are almost perfectly lattice-matched at a mismatch of only ∼0.8%, 

while offering complementary properties in many respect including: MoS2 is a layered 

material facile to grow by chemical vapor deposition (CVD) on a great number of 

substrates,22 while GaN’s lattice is nonlayered so that CVD growth requires well matched 

substrates for appreciable material properties23. Heterostructures application with epitaxial 

grown MoS2 on GaN offer large untapped technological opportunities, their realization and 

utility rely on understanding of the material interface both for MoS2 grown on GaN and, 

ultimately, the reverse.  

Several prior studies addressed the growth of MoS2 on GaN. Work at the Army 

Research Lab in collaboration with the Robinson group showed growth of MoS2 single- 

and multilayer islands as well as films aligned with the GaN substrate.24 The absence of 

photoluminescence from these MoS2 islands was noted. Extension to thicker layers by 

means of “metal-organic CVD (MOCVD)”25 using carbonyl precursors in a flow reactor 

led to well-layered MoS2 material separated by several disordered substrates/interfacial 

layers from the GaN substrate. 

The presence of van der Waals (vdW) gaps above and below each MoS2 layer 

reduces its interaction with GaN and facilitates its layered crystalline growth, but it also 

reduces the propensity of such growth for epitaxy. Here, we offer detailed insight into the 

optimization of the former interface using a broad range of surface science and ex situ 

techniques.  
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  Optimization of MoS2/GaN interface 

 

Figure 3.1 (a) Schematic representation of the growth reactor with different process steps indicated. 
(b) Atomic representation of stacked multilayer MoS2/GaN structure. (c) Raman spectra of the 
MoS2 E1

2g and A1g modes and (d) the E2 mode of the GaN substrate. 

In this study, we use an ultra-high-vacuum compatible CVD growth technique 

described previously:26 our system is capable of seamlessly (i) clean a GaN substrate by 

sputtering, (ii) then apply a high ammonia treatment to replace nitrogen lost during the 

sputtering process and generate a well-defined surface termination, and (iii) finally grow a 

MoS2 film of controlled and uniform layer number all without breaking vacuum. Figure 

3.1 shows a schematic representation of the system. So as to test a broad range of sputter 
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fluences all in one run and without any variation in other growth conditions, a precision-

controlled shutter is guided over the sample to generate a dose gradient. Measurement of 

the target current validates sputter fluence and beam alignment on the target. 

MoS2 deposition proceeds by exposing hot metallic molybdenum filaments 

(pyrometrically determined to be ∼1700 °C hot) to H2S gas, resulting in the decomposition 

of the latter on the filament surface and generating MoSx precursors with a vapor pressure 

far higher than refractory molybdenum. These precursors evaporate from the filaments, 

precipitate on the substrate that is held at 650 °C by a hot plate, and form a continuous 

MoS2 layer. Colorimetric analysis of the reflection of the filaments from the sample allows 

us to monitor the layer thickness during growth and to end the deposition process precisely 

at the desired integer layer number.26 XPS and LEED analysis was performed after transfer 

of the sample to a vacuum system equipped with a Spectra RS3000 analyzer, an OCI LEED 

system modified for computer control of gun and sample position, as well as ancillary 

instrumentation such as a sputter gun and evaporation sources. 

  The resultant MoS2 film exhibits a Raman spectrum (Figure 3.1c) as expected 

from the literature and is otherwise free of optical contrast. The GaN substrate retains its 

characteristic Raman mode during overlayer growth (Figure 3.1d). No photoluminescence 

of MoS2 is observed on the GaN substrate. Prior to MoS2 growth, as-received n-type GaN 

substrates were cleaned using subsequent rinses in Acetone, isopropanol, and deionized 

water before being dipped into a piranha solution (30 mL H2SO4, 10 mL H2O2) for 5 min.  
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Figure 3.2 LEED patterns obtained at 100eV beam energy on (a) 5 mC/cm2, (b) 15 mC/cm2, (c) 25 
mC/cm2, and (d) 40 mC/cm2 sputtered portions of a 1L MoS2/GaN sample. A 2×2 superstructure 
is observed for intermediate sputter doses; the associate LEED spots are annotated by arrows; (e) 
DFT model of an N-terminated GaN/MoS2 interface exhibiting a buckling of the top nitrogen layer 
(highlighted by the wavy line) with a 2×2 periodicity; (f) photoelectron spectroscopy of the oxygen 
1s core level as a function of the sputter dose (same color code as labels in a-d).   

To validate epitaxial growth and the quality of the GaN−MoS2 interface, we 

performed low-energy electron diffraction (LEED) on a single layer of MoS2 on GaN. 

LEED has a very high surface sensitivity27 rendering work on a monolayer (rather than a 

multilayer) of MoS2 necessary to gain structural information on the MoS2/GaN interface. 

Figure 3.2 shows four LEED images across the sputter gradient of the GaN substrate from 

lower to higher sputter dosage; the sputter doses are indicated in each panel. At a low dose 

of 5 mC/cm2, a sharp hexagonal diffraction pattern is visible (Figure 3.2a), which we 

attribute to the substrate periodicity (which is in good match to that of MoS2, especially 

given the known flexibility of the material).28 Increase of the sputter dose to values between 

15 and 35 mC/cm2 results in a doubling of the periodicity (Figure 3.2b,c) generating a 2 × 

2 pattern. Further sputter exposure results in broadening of the initial hexagonal spots, and 
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the 2 × 2 spots disappear. We interpret this as the substrate surface becoming disordered, 

leading to less than epitaxial growth atop of it (Figure 3.2d). 

 There are several DFT simulations of the MoS2/GaN interface available in the 

literature;29, 30 generally, it is found that the surface energy of the Ga-terminated surface is 

higher than that of the N-terminated surface,29 and that MoS2 correspondingly exhibits 

higher adsorption energy on the former. For each termination, the optimal adsorption 

geometry places MoS2 sulfur atoms on top of substrate top-layer atoms (Figure 3.2e). Our 

nitridation step directly prior to MoS2 growth ensures that a nitrogen-terminated surface is 

present in our experiments. Using a six-layer stack of GaN and both 1L and 4L MoS2 

(Figure 3.1b) in a 2 × 2 lateral supercell (for a total of 144 atoms), we minimized the total 

energy for both the N- and Ga terminated surface testing a variety of adsorption sites, 

namely Ga-top, N-top, and intermediate sites, and obtained results consistent with the 

literature.31, 32 We noticed that energy minimization on the favorable configuration on the 

N-terminated surface (Figure 3.2b) is unique among the superstructures in that it naturally 

results in a 2 × 2 superstructure with alternating top-layer substrate nitrogen atoms being 

depressed and lifted resulting in a similar buckling of the first layer sulfur layer of the MoS2 

overlayer. To ascertain the validity of this finding, we optimized the supercell until all 

forces were below 2 meV/Å both for the N-terminated surface, where the 2 × 2 

superstructure is found, and the Ga-terminated one, where it remains absent. Notably, the 

vertical separation between the top nitrogen layer and the bottom sulfur layer is found to 

be only ∼2.4 Å, smaller than the previously reported separation on Ga-terminated GaN on 
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MoS2 system.32 We conclude that the S states (s, py, and pz) strongly hybridized with the 

N states (px, py, and pz). We interpret the buckling found in DFT as the origin of 2 × 2 

superstructure spots in LEED patterns at an intermediate sputter dose. The presence of the 

2 × 2 superstructure attests to a clean and well-ordered termination of the GaN substrate; 

were the substrate contaminated or rough, then a comparatively long-range order at the 

heart of the 2 × 2 reconstruction could not form and no 2 × 2 spots were observable in 

LEED. 

XPS can serve as an alternative way to ascertain the cleanliness of the substrate. 

Our XPS measurements use a hemispherical analyzer read out by a 2D multichannel plate 

detector. One of the detector axes corresponds to energy dispersion in the hemisphere; the 

other to the spatial position on the substrate along the sputter gradient. Thus, slicing of the 

2D data set along the energy direction at different locations provides us with spectra and 

their variation with sputter fluence. We performed such measurements across the sputter 

gradient for all relevant elements (Mo, S, Ga, N; impurities: C, O; valence band (VB) edge) 

both for 1L and 4L MoS2 films. Figure 3.2f shows how the oxygen contamination of the 

surface decreases with sputter dose up to ∼25 mC/cm2, when it is not identifiable anymore. 

We will discuss XPS results more in the context of explaining transport measurements. 
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Figure 3.3 AFM images at different locations in a sputter gradient on a 1L MoS2/GaN sample. (a) 
3mC/cm2, (b) 25 mC/cm2, (c) 48 mC/cm2. Conformal adhesion of the MoS2 revealing a clear image 
of the underlying GaN terrace structure is only found at intermediate dose. 

 

Atomic force microscopy (AFM) was used to characterize surfaces after film 

growth. Figure 3.3 shows three AFM images taken at locations of low, intermediate, and 

high sputter dose on 1L MoS2 on a GaN sample. There is a marked distinction between 

areas of different sputter doses: at a low dose of 3 mC/cm2, no clear image of the GaN 

terrace structure could be obtained (Figure 3.3a), presumably due to less than perfectly 

conformal substrate coverage caused by remaining substrate contamination. Imaging at a 

location with 25 mC/cm2 sputter dose, substrate terraces are clearly defined under the MoS2 

overlayer attesting to good adhesion and conformal coverage. At an area with a local 

sputter dose of 48 mC/cm2, we observe very small clusters on the surface that disrupt clear 

imaging and, presumably, uniform MoS2 overlayer growth. We tentatively attribute the 

clusters to gallium sulfide or similar compounds formed during post sputtering 

sulfurization of a nitrogen deficient surface in the course of MoS2 growth. We note that 

neon was chosen as sputter gas to assure a good mass match with second-period 
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contaminants (such as oxygen and carbon, but also GaN nitrogen); yet it is unlikely to 

remove gallium atoms from the substrate. 

 Transport characteristics MoS2/GaN diode and interpretation 

 

Figure 3.4 (a) schematic representation of 4L MoS2/GaN device fabrication, (b) Current density vs. 
voltage for devices fabricated at locations with different sputter dose. A low knee voltage of 0.3 V 
is observed; (c) temperature dependence of the current density at different bias voltages, (d) a 
logarithmic plot of the I-V data for the optimal sputter dose can be fitted by an analytic function 
and reveals an on-off ration of ~105. The inset shows that reverse-voltage breakdown occurs at 
lower voltage for less sputtered interfaces. 

 

To test the ramification of different interface preparations on the electrical 

properties, in particular the transconductance, of the MoS2−GaN interface, we patterned 

devices on the substrate as shown in Figure 3.4a. Each device consists of a row of 120 by 

120 μm Ti/Au pads placed on GaN and MoS2/GaN. Fabrication proceeded in multiple steps 
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of electron beam lithography: in the first lithographic steps, MoS2 contact areas are defined 

(i) and a 5 nm titanium/50 nm gold stack is deposited (ii). After liftoff and deposition of a 

new resist layer, the GaN contact is defined and the MoS2 material is removed via 

sputtering with argon at 3 keV (iii). Argon is chosen instead of neon for an optimal mass 

match with sulfur, molybdenum, and gallium, so as to prepare a clean and reactive GaN 

surface to support contact adhesion and reduce contact resistance. Without breaking the 

vacuum (base pressure 1 × 10−8 torr), a 5 nm of Ti and 50 nm of Al stack is deposited as 

described by Greco et al.33 (iv). Note that no annealing occurred so as to preserve the MoS2 

layer. After Al deposition, the sample is transferred through air to a gold evaporator and a 

capping layer of 50 nm is applied. After liftoff, the third lithographic step begins by 

defining the area between the contacts (v). Subsequently, MoS2 is removed here as well by 

Ar sputtering (vi).  

The transport characteristics of MoS2/GaN diodes are shown in Figure 4.4b with 

the voltage source from a Keithley 2400 sourcemeter applied to MoS2 and ground to GaN. 

All measurements proceeded under voltage control in a three-terminal setup. To sense the 

voltage prior to the diode junction, we use a Keithley 6517a electrometer. The voltage V 

on the X-axis of Figure 3.4b is the difference between the voltage applied to MoS2 and the 

observed electrometer voltage at the sense contact, thus approximating the voltage drop 

across the MoS2/GaN stack while excluding contact resistance at the metal/GaN interface 

and most of the lateral voltage drop in the GaN layer.  
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Figure 3.5 Electrical properties of the GaN contacts. Schematic representation of GaN device in 
the inset. 

 

The Figure 3.5 shows the electrical properties of our GaN contacts and affirms that the 

features of Figure 3.4 do not stem from the latter. In particular, the exclusion of the 

metal/GaN interface in our measurement is motivated by an earlier study by Regan and et 

al.,32 where it was demonstrated that the transport characteristics across a metal/1L-

MoS2/GaN stack is dominated by the metal/GaN interface for both the n- and p-doped 

GaN. 

We find a marked diode behavior of the MoS2/GaN stack, whose details depend on 

the sputter dose of the interface. The forward direction of the diode is found, similar to 

previous studies,34, 35, 36 for a positive voltage applied to MoS2, i.e., for electron transfer 

from GaN to the MoS2 layer. The turn-on or knee voltage (Vknee) of the diode is ∼0.3 V, 

much lower than for Si-based diodes (0.6−0.8V) and rather resembling a Schottky diode 

(0.2−0.3 V). It is also much lower than the value reported in ref36, presumably owing to the 

interface preparation. The diode has a high current density of ∼100 A/cm2 at 1 V. The 
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current at −1 V bias is ∼5 orders of magnitude smaller than that at +1 V, i.e., the diode has 

an on−off ratio of ∼105. 

We find best diode behavior at sputter doses of ∼30 mC/cm2; doses in excess of 40 

mC/cm2 lead to lower forward current, while sputter doses below 20 mC/cm2 have a similar 

effect and also push the knee voltage (Vknee) toward larger values. Low sputter doses also 

lead to reverse breakdown at a lower voltage (inset of Figure 3.4d). 

We attribute the high dose behavior to a rougher MoS2/GaN interface. As can be 

seen from Figure 3.3c, at a high sputter dose, AFM observes the formation of small clusters 

on the substrate, presumably reducing the area of the perfect interface between the substrate 

and MoS2 overlayer. This reduces the active area of the diode and, thus, its forward current. 

We attribute the deterioration of the properties at low sputter dose to the presence of oxygen 

in the interfacial layer changing both its electronic character and preventing optimal 

adhesion/epitaxy. Exfoliation of MoS2 onto GaN has been shown to lead to diodes with a 

knee voltage of 1−2 V and an on−off ratio at ±5 V of ∼103, almost 2 orders of magnitude 

smaller than those sputtered at ∼30 mC/cm2.34 Other growth studies either found results35 

similar to exfoliation MoS2 junctions or high transconductance but no pronounced blocking 

behavior,37,38 which may be interpreted as breakthrough at very low reverse bias, similar 

to the trend we observe for low sputter doses. 

 Figure 3.4d includes a fit of the measured current (I) data using the Schottky model 

of a diode: I = IS (exp[V/(nVT)]-1) with IS the scale current, n the ideality factor, and VT the 

thermal voltage taken as VT = kT/q =25.85 mV, with k the Boltzmann constant, T the 
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absolute temperature, and q the absolute of the electron charge. We expanded the Schottky 

model by two terms, replacing V by V-I*R to account for a series resistance R of the 

junction39 and an additive V/Vp×Ip×(1-exp[V/Vp]) term40  to account for a tunneling current 

Ip at reverse voltage Vp through the thin diode layer: 

𝐼 = 𝐼& E𝑒
'()×+

,×'!- F + 𝑉 𝑉.I 𝐼. E1 − 𝑒
'
'"- F (1) 

Fitting the experimental data reveals a series resistance of ~50 Ohm, an ideality factor of 

1.8, a scale current of 20 nA, and the tunneling behavior described by 2 μA at 2.4 V for IP 

and VP, respectively. These are excellent values for our prototypical device geometry.  

Temperature-dependent data on transconductance were obtained both for forward 

and reverse bias (Figure 3.4c). We observe a marked distinction of the thermal behavior at 

forward and reverse bias, as expected for a diode as thin as the one fabricated here. Figure 

3.6 shows an Arrhenius-type fit of the current density J = A exp(Eb/kT) with  a prefactor 

and Eb an energy barrier. At reverse bias, we find Eb to be ∼380 meV, in line with the 

knee voltage. At 0.5/1.0 V forward bias, we find values of ∼140/110 meV. 
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Figure 3.6 Temperature-dependent current data (from Fig. 3.4c) plotted in the Arrhenius style vs. 
1/Temperature. Fitting with A×exp(Eb/kT) results in barriers of ~380 meV for reverse direction, in 
good agreement with the knee voltage and the CB band separation (shown in Fig. 3.4 and 3.7 
respectively), and ~140 meV/110 meV for 0.5V/1V in forward direction.    

 

 

Figure 3.7 (a) Valence band (VB) edge XPS spectra of nitridated GaN prior to (bottom) and after 
(top) 4L MoS2 growth. The respective band edges are indicated. Additional, density of state from 
the nitrogen termination is observed near the Fermi energy (Ef) on bare GaN(arrow); (b) GaN 3d 
state before (bottom) and after (top) MoS2 overlayer growth. The upshift shows surface band 
bending associated with charge transfer to the GaN; (c) energy diagram of the VB and conduction 
band (CB) position of GaN prior to 4L MoS2 deposition (left), after 4L MoS2 deposition (middle), 
and of the MoS2 layer (right) based on known band gaps indicated. 
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How can we understand transport characteristics? Note that n-type behavior is 

expected both for the GaN substrate (through doping) and the MoS2 layer, as is typically 

for CVD MoS2 material. Thus, a pronounced diode behavior is not necessarily expected. 

To understand its origin, it is helpful to take another look at XPS data: Figure 3.7a compares 

the valence band (VB) region of bare GaN after nitridation (bottom) and following 4L 

MoS2 deposition (top). On bare GaN, we find the VB edge at ∼3.1 eV, suggesting n-type 

GaN material consistent with the commercial supplier specification. In addition, we 

observe some density of states near the Fermi edge (arrow in Figure 3.7a), which we 

attribute to unsaturated dangling nitrogen bonds at the nitrogen-terminated surface. Figure 

3.8 shows the element-projected density of state (pDOS) for a 4L MoS2/GaN interface (six 

layers of GaN). Nitrogen-originating density of states is found right below the Fermi level 

in the semiconductor gap. 
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Figure 3.8 Element-projected density of state (pDOS) obtained from minimizing a 4L MoS2/ 6L 
GaN interface.  Nitrogen-derived density of states is found directly at the Fermi-level representing 
the nitrogen-sulfur interaction that give rise to the 2×2 reconstruction. We note that our DFT 
simulation does not represent overall band alignment faithfully, likely because of absence in the 
model of (i) explicit n-doping of the GaN substrate, (ii) native n-doping of the MoS2, and 
termination of the bottom Ga-layer of the GaN slab.  

 

The MoS2 VB edge is found at ∼0.4 eV below EF, closer to the Fermi energy than 

for material grown on SiO241 and indicating a material that appears like a p-type 

semiconductor (4L MoS2 has a band gap of 1.26 eV, so for the VB edge at 0.4 eV below 

EF, the Fermi energy is below midgap). We attribute this observation to charge transfer at 

the interface. 

To understand the interface charge transfer, we address the Ga 3d peak. Prior to 

MoS2 deposition, we find the Ga 3d state at ∼20.8 eV binding energy, well in line with 

typical values for GaN. After MoS2 deposition, we observe an upshift by ∼0.4–20.4 eV. 
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This indicates surface band bending by 0.4 eV in the course of MoS2 deposition, i.e., charge 

transfer from MoS2 to GaN. As MoS2 is typically natively n-type, we interpret this finding 

as to the n-type carriers of the 4L MoS2 CB dropping into the GaN CB, thereby shifting 

the energy of the GaN surface and the Ga 3d state up, i.e., upward surface band bending. 

In this process, MoS2 loses its n-type character shifting the Fermi level below midgap. 

Figure 3.7c shows the VB and CB edge positions as obtained from the XPS 

measurements and calculated based on literature band gap values, respectively. Assuming 

that the GaN VB edge upshifts in sync with the GaN 3d state, the MoS2 CB edge comes to 

lie 0.1–0.2 eV above the GaN CB edge, corroborating the notion of n-type carriers dropping 

from MoS2 into GaN. We note that this mechanism also explains the absence of 

photoluminescence for MoS2 on GaN: excitons rapidly split by transfer of the excited 

carrier into GaN CB.42 

As a consequence of this band alignment, the MoS2/GaN diode resembles much 

more a Schottky diode of an n-type material than a pn-juction; all transport takes place in 

the CB. The knee voltage of 0.3 eV is in reasonable agreement with the MoS2-GaN CB 

offset of 0.1–0.2 eV to enable electron transport from GaN CB to MoS2 CB and into a 

metal contact. It also agrees well with the barrier for reverse current found from 

temperature-dependent measurements on the diode. 

Finally, we seek to corroborate this finding by analyzing the charge and potential 

distribution in our computational supercell. Figure 1b shows its thickness; each supercell 

layer contains 2 × 2 GaN or MoS2 unit cells and there are four MoS2 and six GaN layers in 
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our calculation. We caution that our DFT simulation does not represent overall band 

alignment faithfully, likely because of absence in the model of (i) explicit n-doping of the 

GaN substrate, (ii) native n-doping of the MoS2 layer, and (iii) termination of the bottom 

Ga layer of the GaN slab. However, we can still evaluate the charge transfer directly at the 

GaN/MoS2 interface. This will lead to a built-in electrical field and potential that can affect 

the transfer characteristics of 2D/three-dimensional (3D) heterostructures. 

 

Figure 3.9 (a) Planar potential variation at the GaN/MoS2 interface: upward band bending is 
observed for GaN toward the interface; (b) Interface charge transfer:  the charge density difference 
(black) of the combined MoS2/GaN system as compared to the separated system and its integral 
from the right (red). Visible is charge transfer from the MoS2 layer and particularly the interface 
region to the GaN bulk.   
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Figure 3.8 illustrates the electrostatic potential and charge difference profiles along 

the z-direction, i.e., normal to the heterostructure. As can be seen in Figure 3.8a, the 

interfacial built-in potential throughout the vdW interface, mainly due to the charge 

reconfiguration at hybridized S and N states, leads to an upward slope in the GaN region 

toward the interface, i.e., a surface band bending consistent with the experimental finding. 

In addition, the local electrostatic potential around the sulfur atoms at the interface in the 

heterostructure is reduced by 4 eV, as compared to the isolated 4L MoS2 system, leading 

to a lower barrier for electron migration across the interface. The charge redistribution is 

visualized in Figure 3.8b as the difference between the charge density of the isolated layer 

slabs and the combined ones. Significant deviation (black line) from isolated slabs in the 

vicinity of the interface attests to the chemical interaction here manifest in the 2 × 2 

superstructure. The integrated charge density difference (red line, using a 10 Å width 

rolling average) shows charge density loss throughout the MoS2 film amplified directly at 

the interface and charge gain by the GaN substrate except directly at the interface, where 

direct chemical interactions between the nitrogen and sulfur layer are observed. This net 

charge transfer was also predicted from the XPS data. 

To quantify and validate the MoS2/GaN charge transfer, we performed a Bader 

charge analysis43 across the interface. The S atoms at the interface lose on average 0.025 

electron charges each, consistent with the charge profile picture. Most of the transferred 

electrons are acquired by the surface N-atoms yet N-atoms in neighboring layers also 
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acquire a small fraction of electrons, which is also evident from the nonzero charge profile 

feature in the GaN region, away from the surface in Figure 3.8b. 

In conclusion, we find that careful optimization of the interface allows the 

fabrication of high-quality GaN/MoS2 diodes with a low knee voltage and high on–off ratio. 

Because of the device geometry employed here, no meaningful high-frequency 

measurements are feasible; however, all results suggest that a good high-frequency 

response is expected. Future research seeks to extend this work to GaN/MoS2/GaN npn-

heterojunction bipolar transistors. In this context, it is an important outcome of the current 

work that MoS2 loses its native n-type character simply by the interface interaction at the 

N-terminated GaN substrate and that no further treatment of the MoS2 (e.g., such as 

niobium doping44) may be necessary to attain such a goal. Our findings highlight the 

importance of atomistic control of the interface, even for 2D vdW materials, which are 

generally assumed to be more robust to interface contamination than classic epitaxial 

systems such as GaAs/GaAlAs. 

 

Chapter 4: Growth of GaN on MoS2 

 Motivation 

 The existence of bandgaps in transition metal dichalcogenides (TMDs) such as 

molybdenum disulfide (MoS2) offers an attractive possibility of using these layered 

materials in various device applications.45,46 Gallium nitride (GaN) initially introduced into 

semiconductor technology as a wide-band-gap material able to provide blue light-emitting 
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diodes10 has found a number of additional applications for power conversion.11 A primary 

challenge in this material has been the difficulty of obtaining native GaN on large lattice-

mismatched substrates such as Si and sapphire. There has always been a desire to seek 

lattice-matched substrate for GaN growth. For this purpose, molybdenum disulfide (MoS2) 

was considered as an ideal substrate since GaN and MoS2 possess in-plane lattice mismatch 

of only ~0.8%.19 The close lattice match between MoS2 and GaN has led to an interest in 

the epitaxial relationship and electrical properties of heterojunctions.  

 Vertical devices based on 3D-GaN / 2D-MoS2 / 3D-GaN hetero structures have the 

potential to take advantage of the conventional 3D semiconductors and the unique 

properties of thin 2D films. The thin 2D-MoS2 TMD provides for high-speed operation and 

the vertical structure of the electronic transport allows for a large surface area and thus high 

current.47 As an initial step for GaN/MoS2/GaN hetero bipolar transistor (HBT), we found 

low turn-on voltage Schottky-diode behavior of a MoS2/GaN junction by optimizing the 

GaN substrate before growing MoS2.48 It will allow us to grow GaN on high quality 

MoS2/GaN structure and lead to high performance of HBT. 

 To date, there are only a few reports about the growth of GaN films on MoS2. The 

first report by Yamada et al. has demonstrated the growth of GaN on bulk MoS2 by 

molecular beam epitaxy (MBE).49 There were recent reports to grow GaN on single layer 

MoS2 by plasma-enhanced atomic layer deposition50 and grow MoS2 on GaN by plasma 

assisted Molecular beam epitaxy.51 However, the study of in situ growth of GaN and MoS2 

and the fabrication of GaN/MoS2/GaN heterojunction bipolar transistors has not been 
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explored. Also, among the studies, there is an issue that the MoS2 film was found to be 

removed during the GaN growth.19,51   

 In this project, we aimed to optimize the growth mechanism of GaN on MoS2. We 

use a high vacuum CVD MoS2 growth technique described previously:26 MoS2 deposition 

proceeds by exposing hot metallic molybdenum to H2S gas. After growing MoS2, we use 

a unique growth mechanism of GaN in-situ using Ga effusion cell and filaments for 

activating NH3 gas, which allows the clean surface of MoS2 to grow well on GaN substrate. 

In order to grow good quality GaN film on MoS2, we have tried a number of growth 

mechanisms by using various parameters: substrate temperature, Ga evaporation rate, 

filaments current, and high voltage for filaments. 

 This project aimed to optimize the growth mechanism for high quality GaN and in 

situ epitaxial growth of GaN on MoS2/GaN without removal of MoS2. The structural 

quality of the GaN/MoS2 films was evaluated through X-ray photoelectron spectroscopy 

(XPS), Raman spectroscopy and Low-energy electron diffraction (LEED). This work will 

be extended to GaN/MoS2/GaN heterojunction bipolar transistors.  
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 MoS2 Growth and Optimization of GaN Growth Mechanism 

 

Figure 4.1 Schematic representation of the growth reactor with different process steps indicated (a) 
Growth of MoS2 (b) Growth of GaN 

 

 
Figure 4.2 (a) RGB values and Hue of the Mo filament reflection during film deposition (b) Raman 
spectra of MoS2 E1

2g and A1g modes. The peak separation is 25 cm-1. 

 

A vacuum chamber is equipped with a rough pump and a turbo pump to achieve 

high vacuum at 10-7 torr. It set up a hot plate style heater and a leak valve for H2S and NH3, 
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as shown in Figure 4.1. Four separate molybdenum wires with a diameter of 0.5mm  

provide the molybdenum source. The first step of growth is to ramp up the hot plate 

temperature to ~750 °C and hold 15 mins to remove organic contaminants and water from 

the sample. Next, we decreased the hot plate temperature to 650 °C as MoS2 growth 

temperature. Once the desired temperature is reached, H2S gas is dosed to 4x10-4 torr. The 

molybdenum filaments are resistively heated until ~1700 °C hot, resulting in the 

decomposition of the filament surface and producing MoSx precursors, as shown in Figure 

4.1a. The MoSx precursors evaporate from the filaments at a substrate temperature of 650 

°C and form a continuous MoS2 layer.26 The MoS2 growth is monitored by colorimetric 

measurements of the reflection of the filaments from the sample, allowing us to end the 

deposition process at the desired number of integer layers, as shown in Figure 4.2a. The 

thick MoS2 film that I used is 6 layers based on the Hue of the Mo filament reflection and 

the separation of two Raman modes (~25cm-1) [Figure 4.2b].   

 

Figure 4.3 (a) Deposition rate and Ga effusion cell temperature as a function of applied power (b) 
Emission current as a function of the applied voltage for tungsten filaments. 
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The growth of GaN starts in-situ right after the growth of MoS2, preventing the 

MoS2 surface from being contaminated. GaN deposition proceeds by using a Gallium 

effusion cell and activating NH3. In order to grow GaN, I tried several growth methods by 

changing parameters such as the hot plate temperature, Ga deposition rate, filament current 

and voltage. The Ga deposition rate is monitored by a thin film thickness monitor 

connected to a quartz crystal microbalance (QCM) sensor on the left side of the chamber, 

as shown in Figure 4.1b. Figure 4.3a shows deposition rate and Ga effusion cell 

temperature as a function of applied power. The growth starts depositing Ga layer first at 

different hot plate temperatures from 200 to 650°C to prevent degradation of the MoS2 film 

for 10 min. NH3 is dosed at ~ 4x10-3 torr and is activated by tungsten filaments. Tungsten 

filaments are ramped up, resulting in NH3 decomposition. Molybdenum filaments with 

high voltage applied attract electrons from the NH3 decomposition and allow emission 

current to be read. The activated nitrogen is combined with Ga and produces GaN. I used 

the emission current from 60 to 95 mA to activate NH3, as shown in Figure 4.3b. GaN 

layers are grown for 30 min, and GaN thickness is 36 nm based on when Ga is deposited 

at 0.2 A/s.  

 

 Characterization of GaN on MoS2 

Raman spectra were measured to monitor the impact of the GaN growth conditions 

on the MoS2. As shown in Figure 4.4a, GaN growth under 400 °C and 300 °C substrate 

temperatures, MoS2 remain stable at 300 °C from MoS2 E12g (382cm-1) and A1g (406cm-1) 
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modes, but MoS2 peaks disappeared at growth temperature 400 °C, suggesting loss of 

crystallinity of the MoS2 film. It is difficult to observe GaN E2 (~566 cm-1) and A1(~734 

cm-1) peaks. It assumes the poor quality of GaN or peaks overlapped with other peaks due 

to less intensity, comparing that E2 mode of GaN reference (NTT-AT, Si-doped 300nm 

GaN) has less intensity and 12.5% intensity of Si peak. To figure out the strategy of 

preservation of MoS2 and high crystallinity GaN, we first focused on high quality GaN on 

c-plane sapphire at higher temperatures from 800 to 1000 °C referred to in literatures.52, 53 

Figure 4.4c shows Raman peak of GaN grown at 800 °C and reference GaN on Sapphire 

(NTT-AT). We observed E2 and A1 peaks even though the peak position is ~5 cm-1 off 

from the reference peak, meaning that we still need to optimize. We ensure that high 

temperatures allow us to grow GaN crystallization, and that gives us the direction to make 

freestanding 2D layers from high temperatures. WS2 is one of the 2D layers that can be 

produced at a higher temperature than MoS2 and lattice-matched to GaN (lattice mismatch 

of ~1%14), appearing as a promising substrate for the growth of GaN at high temperatures.  
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Figure 4.4 Raman spectra for (a) growing GaN on MoS2 under different growth Temperature, (b) 
Reference GaN (NTT-AT, 300 nm GaN), (c) growing GaN on Sapphire at 800 °C 

 

 

Figure 4.5 XPS spectroscopy of GaN (a) Ga 2p, (b) O 1s, (c) Ga 3d, (d) C 1s, (e) N 1s, (f) Valence 
band. 
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 X-ray photoelectron spectroscopy (XPS) investigated the composition of the GaN 

films grown at 300 °C in which MoS2 film is stable based on Raman spectra. Figure 4.5 

shows the XPS spectra of Ga 2p, Ga 3d, N 1s, O 1s, C 1s, and valence band. In Ga 2p and 

Ga 3d orbitals, we observed the same peaks as reference peaks of GaN (NTT-AT, 300 nm 

GaN). Furthermore, XPS spectra of Ga 3d are divided into three regions, Ga-Ga, Ga-N and 

Ga-O bonding of grown GaN and Ga-N peak around 20.4 eV has a strong peak intensity 

among three regions. The N 1s peaks were de-convoluted into four contributions in all 

cases: i.e. an N–H2 ionization peak (397.7 eV), an N–Ga ionization peak (396.2 eV) and 

two Auger Ga peaks (395.5, 393.2 eV).54 We observed the same peaks as reference GaN, 

which indicates NH3 is decomposed and the activated nitrogen bound with Ga. O 1s peak 

indicates low oxygen contamination during growth, which is advantageous for growing in 

situ MoS2 and GaN without breaking vacuum. We found the VB edge positions at ~2.45eV, 

suggesting n-type GaN material. In addition, the ratio of Ga and N atomic weight 

percentages (atom wt%) of the surface species (Ga/N=0.5) were determined using peak 

areas and sensitivity factors for N 1s and Ga 3d, which are 0.44 and 0.49 eV for reference 

GaN and grown GaN, respectively.  

In conclusion, we attempted to grow GaN on MoS2 by using a Ga effusion cell and 

N provided by high voltage and tungsten filaments to activate NH3. It is challenging to 

grow good quality GaN epitaxially without damaging MoS2. From Raman results of GaN 

produced at a high temperature of 800 °C, we conclude that the growth of high crystallinity 

GaN needs a higher temperature and lattice matched WS2 for freestanding from heat as 
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well as epitaxial growth. Once a mechanism is optimized for epitaxial GaN on 2D 

layers/GaN, we can make a GaN/2D layers/GaN hetero bipolar transistor application, 

which leads to an analysis of the electrical characteristics and goals to achieve the 

amplifying behavior.  

 

Chapter 5: WS2/MoS2 Vertical Heterostructure 

The following chapter contains excerpts from “Photoluminescent Substrate-Scale 3R 

WS2/MoS2 Heterostacks on GaN” by Yang, H. I., Ning,Y., Jin,J., Juarez, M., Henshaw, 

J., Azizur-Rahman, K., Flores, B., Meneses, N., Yadav, P. R., Villarreal, S, Hill, M. E., 

Sorger, V., Mounce, A., and Bartels, L. (in review) 

 Motivation 

Since the single-layer direct-bandgap nature of transition metal dichalcogenides 

(TMDs) was discovered more than a decade ago,46,55 these materials have seen intense 

investigation.56,57  It is widely assumed, and corroborated by theory,5–7 that only the single-

layer-form of these materials in the 2H polytype offers a direct and significantly-widened 

bandgap as well as bright photoluminescence, although over the years a number of 

publications61–66 have found deviating behavior based on material preparation. The 

synthesis of TMDs is maturing from tube-furnace chemical vapor deposition of populations 

of triangular islands,67–69 to high-vacuum particulate-free large-area homogeneous 

growth.26,70 In one approach, developed by some of us, a hot transition metal filament is 

exposed in high vacuum to a sulfur precursor, resulting in the volatilization of MSx 
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precursors (M, transition metal; x=1-2) and subsequent precipitation onto a heated 

substrate where a TMD film is formed.26,71 On GaN, whose lattice constant of 3.189 

Å12,72,73 closely matches that of MoS2 (3.160 Å)14,72 and WS2 (3.153 Å),14,72 a pseudo-

epitaxial TMD film results that exhibits clear diffraction patterns.26,74,75 Here, we show that 

if during deposition we alternate the metal source between molybdenum and tungsten, the 

film will dominantly grow as 3R TMD, exhibit bright photoluminescence, and a band gap 

typically associated with monolayer films.  

 

A very large number of publications detail the growth of TMD materials using both 

tube furnace and reactor-style processes.26,67–70,75–77  To our knowledge, the closest in film 

properties to our films result from work by Jo et al.,78 where over days a substrate is 

exposed to alternating metal-organic transition-metal precursors leading to a clearly 

layered film. More recently, the properties of 3R MoS2 have attracted increased attention8 

because of their catalytic,79,80 piezovoltaic,81 and other82,83 properties. From a technological 

perspective, the use of monolayer films is challenging because the slightest inconsistency 

of their thickness – or the slightest defect in them – fundamentally changes the material. 

To the best knowledge of the authors, no commercially viable process in the semiconductor 

industry relies on a single layer of a material. This underscores the need to transfer the 

exciting single-layer properties of TMDs to thicker films.  
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 Experiments 

The TMD growth method employed in this study is shown schematically in Figure 

5.1a; it takes just a few minutes per layer. Figure 2.1 shows a photograph of the growth 

chamber. To facilitate epitaxial growth, we first sputter a commercial [NTT Advanced 

Technology] GaN/Si substrate with low-energy neon ions before nitridating the surface 

with ammonia at 750 °C under activation by a DC plasma. Passing a current density of 320 

A/mm2 and 730 A/mm2 through a set of four tungsten and molybdenum wires of 0.50mm 

and 0.28mm thickness, respectively, results in their bright glow, which is monitored by a 

video camera and kept constant by three color pyrometry during the process. Concomitant 

exposure of the filaments to H2S then leads to desorption of volatile MSx (M=Mo,W) 

species that are precipitated onto a heated GaN substrate. Using a piece of 300nm SiO2/Si 

as a reflector, we monitor the ratio of the filament glow reflected in the green to that in the 

red spectral region, which can be used as a film thickness monitor.26 Cycling between 

tungsten and molybdenum filaments, we grow as many layers as desired while maintaining 

in-plane order.  

Figure 5.1b,c shows the resultant heterostack schematically and by cross-sectional 

element-sensitive transmission electron microscopy (TEM). We observe PL on 

heterostacks of at least 6 films (i.e., WS2-MoS2-WS2-MoS2-WS2-MoS2-GaN) even if each 

film exceeds a monolayer. Notably, neither single-layer MoS2 nor single-layer WS2 nor 

thick layers of these materials exhibit appreciable photoluminescence when deposited on 

GaN; the former is due to exciton dissociation at the TMD/GaN interface.26,42 Raman 



 

 
 

 

 
45 

spectroscopy [Figure 5.1d] ascertains that the layers are separated and that intermixing of 

the transition metal does not occur to a significant extent.84 In the following, we provide 

additional characterization of the heterostacks and seek to explain their photoluminescence 

behavior.  

 

Transmission Electron Microscopy (TEM) 

For transfer to TEM imaging, the sample was capped with a sequence of titanium 

and platinum overlayer. The TEM specimen was prepared using a Tescan GAIA3 scanning 

electron microscope (SEM) equipped with a focused ion beam (FIB). A lamella was 

prepared from a region near the center of the sample. The high-resolution STEM images 

were carried out using a JEOL ARM300 TEM at 300 kV. The EDS data were collected 

using a JEOL dual EDS detector.  

 

Device fabrication  

Device fabrication used C-type PMMA electron resist. The first lithographic step 

defines the contact pads on the heterostacks that are after development exposed to 15nm 

Ti and 200nm Au. Following liftoff, the contact pads for GaN were defined the same way 

using a sequence of sputtering followed by stack of 5nm Ti/ 60nm Al/50nm Au for ohmic 

contact behavior. Argon sputtering at 3 keV for one hour is used to remove the material 

between the contacts.  
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Figure 5.1 Schematic representation of (a) high vacuum film growth method and (b) 
photoluminescence emission from heterostacked WS2/MoS2 under a 532nm laser excitation. (c) 
Cross-sectional EDS images of 17 films of heterostacked MoS2 /WS2 on GaN. (d) Raman 
spectroscopy of pure MoS2 and WS2 (top) and heterostacks of the materials (bottom) on GaN grown 
on silicon confirms that the layers are not mixed. 

 

 Characterization of WS2/MoS2 Vertical Heterostacks 

Raman Spectroscopy 

Raman spectroscopy was carried out for 9, 12, and 16 films of heterostacked MoS2 

/WS2 as well as pure MoS2 and WS2 films of similar thickness. Raman peaks are observed 

at 352 cm-1 and 420 cm-1 for WS2 and at 383 cm-1 and 408 cm-1 for MoS2, which are the 

E12g (in-plane) and A1g (out-of-plane) modes, respectively. Raman peaks of the 

heterostacked films resemble the MoS2 and WS2 Raman peaks, indicating that MoS2 and 

WS2 are grown layer by layer and not mixed.84,85 The intensity of both E12g and A1g modes 
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increases as the thickness increases. The main peak at 520 nm originates from the silicon 

substrate. 

 

Photoluminescence (PL) 

We characterized the photoluminescence as a function of film number at room 

temperature: Figure 5.3a shows how the PL intensity increases with film number; each film 

contains 2-3 layers of the respective material. Thus, a 9-film heterostack has approximately 

20 TMD layers composed of alternating bilayers of the two materials, with a slightly 

thicker initialization film. At a film number below 6, we do not observe significant 

photoluminescence; neither do films of pure MoS2 or WS2 exhibit PL on GaN, irrespective 

of layer number. The PL peak is centered around ~1.9 eV for all films, close to the native 

MoS2 PL feature at 1.87 eV.46,55  We do not observe significant intensity in the trion peaks 

or B exciton.  

We optimized the growth temperature of our substrates to optimize PL intensity. 

Figure 5.3b shows how the PL yield increases with growth temperature; we attribute this 

to higher uniformity and lower defect density in our films. The highest intensity is found 

for a substrate temperature of 710 °C during growth. Further increase of the growth 

temperature leads to reduced PL intensity, presumably due to increased intermixing of the 

transition metals. Figure 5.2 shows photographs of the samples obtained at different growth 

temperatures.  
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Figure 5.2 Photo of 17 films stack grown at different temperatures on GaN from left to right: 680 
°C, 710 °C, 740 °C, 770 °C, 800 °C, 830 °C. 

 

As we cool the sample during PL measurements [Figure 5.3c], we find a blue shift 

that is well-known in literature and is attributed to the thermal contraction of the 

material.86,87 The peak shape remains largely unchanged and no new features emerge even 

as cold as 5K attesting to the homogeneity of the material. Fig. S2 shows lateral sampling 

of the PL signal across the growth substrate.  

 

Figure 5.3 (a) PL spectra obtained at Heterostacks of MoS2/WS2 (9, 12, and 16 films) and thick 
films of pure MoS2 and WS2 on GaN. (b) PL spectra of 17 films stack grown at different 
temperature on GaN. (c) PL spectra obtained on a 9 films heterostack at different temperatures 
from 292K to 5K. 
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Figure 5.4 Variation of PL and Raman peak positions across the substrate. 

 

Composition and Structure of the Heterostack 

To further exclude inhomogeneities in our films as the origin of the PL signal, we 

obtained cross-sectional transmission electron microscopy (TEM) images resolving the 

atom columns [Figure 5.5a]. The tungsten- and molybdenum layers are distinct by their 

electron scattering intensity (bright tungsten, less bright molybdenum), as is confirmed by 

spatially-resolved energy-dispersive X-ray spectroscopy (EDS) [Figure 5.5b]. A statistical 

analysis of the atom positions reveals similar layer spacing between the MoS2 and MoS2, 

WS2 and WS2, and at the heterolayer interface. Figure 5.5c shows the atom positions of 

panel a laterally expanded. Here it becomes obvious that the initial MoS2 film exhibits the 

A-B stacking typical of 2H MoS2. As the first tungsten layer is added, the stacking 

transitions largely to the A-B-C sequence of 3R MoS2. 
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We performed density functional theory calculations using the Vienna ab-initio 

simulation package (VASP).88,89 We used a 2×2 substrate unit cell to capture the 2×2 

reconstruction of the GaN-MoS2 substrate faithfully.26 Using 12 layers of GaN and 10 

layers of MoS2/WS2, we compare in each case the energy of a system stacked in the 2H 

fashion throughout the TMD layer to that of a system stacked in 3R for the top 6 TMD 

layers [Figure 5.5e]. In the case of MoS2, we find insignificant difference in energy 

between the two configurations (~ 1meV per layer in a 2×2 unit cell). In contrast, for WS2 

we find a substantial preference for 3R stacking by 250 meV for the 2×2 computational 

supercell [Figure 5.5f]. We performed the same calculation for a range of GaN lattice 

parameters to cover both the growth temperature and room temperature. We thus conclude 

that the presence of tungsten is suitable to convert the native 2H stacking of MoS2 to 3R. 

We note that this is also born out by mineralogical experience, where tungsten- and 

rhenium-rich molybdenite deposits show a higher propensity for 3R stacking.8,90,91  
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Figure 5.5 (a) Cross-sectional STEM images with EDS (b) of 8 sequences stacked WS2/MoS2 layers 
on GaN, Mo Kα (red), W Lα (green), Ga Kα (navy). (c) Mo and W atom positions in a expanded 
x-axis. (d) Difference of the 2H and 3R stacking in a sideview. (e) A 2×2 supercell consisting of 
12 layers of GaN topped by 10 layers of TMD was used for the computational work. (f) Energy 
released when the top 6 TMD layers are shifted from the 2H to the 3R configuration. 

 

We note that no (commercial) GaN substrate is perfectly flat on the atomic scale; 

there are always areas with some growth steps [Figure 5.6]. TEM images of TMD films at 

growth steps exhibit carpet growth over the steps, leading to strain in the film and internal 

grain boundaries. As a consequence of the carpet growth, defects are spread out beyond 

the exact location of the underlying growth step. 
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Figure 5.6 TEM image of TMD films on GaN growth steps (annotated by arrows) 

 

To validate epitaxial growth of stacked layers beyond the limited field of view of 

cross-section TEM, we performed low-energy electron diffraction (LEED), surface 

characterization technique. We observe a hexagonal diffraction patterns [Figure 5.7a,b]. 

The absence of rings attests to the pseudo-epitaxial nature of the growth, even for multi-

film heterostacks. Figure 5.8 provides further LEED data on films of different thickness. 

 

Figure 5.7 (a,b) LEED patterns acquired at a beam energy of 100 eV(left) and 200 eV(right) on a 
9 films heterostack. (b) SEM image of 9 films Heterostacks. 
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Figure 5.8 LEED patterns at 100eV beam energy for the (a) multilayer MoS2/GaN, (b) multilayer 
WS2/GaN, (c) 5 films heterostack of WS2/MoS2 on GaN, (d) 6 films heterostacks of WS2/MoS2 on 
GaN, (e) 9 film heterostacks of WS2/MoS2 on GaN, and (f) 17 films heterostacks of WS2/MoS2 on 
GaN. 

 

Figure 5.9a compares the UV-Vis absorption spectra of GaN/sapphire and that of a 

12 films heterostack of MoS2/WS2 deposited onto the same substrate. The native GaN 

absorption edge is prominent at 364 nm.  The periodic oscillations originate from internal 

reflection in the sapphire substrate. The heterostack sample shows an additional absorption 

edge near 500 nm.92,93,94 For direct analysis, the inset shows the same data plotted as a Tauc 

plot, in which (𝛼ℎ𝜈)1/𝑛 is plotted vs.  ℎ𝜈 with h and ν Planck's constant and the frequency 

of incident light, alpha the absorbance, and n = 2 for direct transitions. This analysis 

suggests a value of 1.9 eV for the heterostack film and 3.4 eV for GaN.  
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Figure 5.9 (a) UV-Vis absorption spectra of 12 films heterostacks of MoS2/WS2 and GaN. The inset 
shows the Tauc plot. (b) Mo 3d/S 2s (c) W4f/Mo 4p and (d) valence band (VB) edge XPS spectra 
of 17 films stacks (e) energy band diagram of the VB and conduction band (CB) position of GaN 
under MoS2 and heterostacks of MoS2 and WS2 based on known band optical gaps of GaN (3.40 
eV), WS2 (2.10 eV), and MoS2 (1.89 eV) 

 

Electronic Structure 

Knowing the optical bandgap of the material, we performed x-ray photoelectron 

spectroscopy (XPS) to determine the majority charge carrier in this material. We find a 

valence band (VB) edge of 0.7 eV below the Fermi level [Figure 5.9d] indicating a p-type 

material similar to single-layer MoS2/GaN.71 Analysis of the Mo 4p1/2 and 4p3/2, and W 

4f7/2 and W 4f5/2 core levels [Figure 5.9c] shows the expected 95,96 values for the latter at 

32.66 and 34.83 eV, but a set of 37.04 and 39.46 eV for Mo, shifted by 0.1-0.2 eV toward 
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higher binding energy.97 Likewise, we find the Mo 3d shifted to higher binding energy by 

about 0.16 eV [Fig. 5.9b].  

We interpret this shift as an indicator for accumulation of the hole carriers in the 

MoS2 layers. Thus, in the PL experiments, photoexcited electrons in the tungsten layer can 

reduce their energy by hopping to the adjacent MoS2 layer. Our observation of bright 

photoluminescence suggests that at this non-centro-symmetric interface in the 3R stacking 

a direct transition may be allowed resulting in bright PL. Indeed, literature reports affirm 

the presence of PL in 3R stacked TMD materials.98  

 

Electrical Transport Properties 

Finally, we seek to validate continuity of our films by electrical transport 

measurements. Figure 5.10a shows the device geometry we employ; each pad has a size of 

120×120 microns. We fabricate these pads by covering a portion of the sample during 

growth by means of a tantalum foil. Contact pads to the heterostack side of the film are 

prepared by electron beam lithography, deposition of a Ti-Au stack, and lift-off. Contacts 

to the bare GaN are fabricated by means of initial sputtering of the entire wafer piece (the 

gold-contacts to the heterostack serve as a hardmask) followed by deposition of a Ti-Al-

Au stack. The contact pads have a size of 120um and are 40um separated from each other. 

We perform 3-point measurements applying the source voltage to the inner GaN contact 

and using the outer GaN contact to sense the voltage drop across the TMD/GaN interface 
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by means of an electrometer. We also confirmed a very low voltage drop (<10 mV) at the 

contact at the GaN by means of sensing at the outer contact on the GaN side.   

Figure 5.10b shows the temperature-dependent IV characteristics of the 

heterostacks device, which resembles more a Schottky diode with a very low knee voltage 

than a pn-junction diode. Depending on the temperature, we find an on-off ratio of up to 

106 between +/- 1V. The reverse current is low and at the limit of the resolution of the 

Keithley 2400 source meter. Increase of the temperature reduces the resistance of the 

device by approximately one order of magnitude between 295K to 356K. 

We fabricated devices on 2, 8 and 12 films and compared their diode characteristics 

to that found for a single-layer of MoS2 on GaN.71 The total resistance of the diode 

increases with film number; the on-off ratio improves slightly. The fit to the data of Figure 

5.10c utilizes  𝐼 = 	 𝐼/ × 𝑒
#	–	&×(
)×#! + '

'*
𝐼0 L1 −	𝑒

+
+* 	M. IS is the scale current, n is the ideality 

factor, Ip is tunneling current at reverse voltage Vp through the thin diode layer,99 R is the 

series resistance of the junction100 and VT is the thermal voltage taken as VT = kT/q = 25.85 

mV, with k the Boltzmann constant, T the absolute temperature, and q the absolute of the 

electron charge.  
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Figure 5.10 (a) Schematic design and an optical image of Heterostacks of MoS2/WS2 device. (b) 
temperature dependence of current vs. voltage for 8 films Heterostack of MoS2/WS2 device. The 
inset shows the temperature dependence of current vs. voltage at different bias acquired at 12 films 
and 8 films of the Heterostack device. (c) I-V characteristics of 1, 2, 8, and 12 films Heterostack 
MoS2/WS2 device. The inset shows that reverse-voltage breakdown of 8 films Heterostack device 
is at 100V.  

 

Figure 5.11 Optical image of contacts fabricated on 8 films stack (right side) on GaN (left side). 
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The quality of the TMD heterostack film is documented by a very large 

breakthrough voltage >100V for 8 films. This is a substantial value at ~10 nm thickness. 

Beyond 8 films, we were not able to measure across the breakthrough point without 

irreversible damage to the film. The high reverse resistance indicates the absence of 

pinholes or conducting defects in the material. The device performances in this study 

achieved a higher current on/off ratio and less leakage current density at -1V than the 

performance reported in the literatures. (Table 5.1) 

Materials IOn/IOff  
at ±1V 

Current 
Density at -
1V [A/cm2] 

Vknee 
[V] 

Ideal 
Factor 

Breakdown 
Voltage [V] Ref. 

MoS2/GaN »105 »4´10-3 »0.3 »1.8 » -20 Our 
study48 

8 films 
Heterostack 

MoS2/WS2/GaN 
»107 2.4´10-6 »0.002 »1.9 > -100 Our 

study 

12 films 
Heterostack 

MoS2/WS2/GaN 
»106 8.0´10-8 »0.01 »2.4 > -100 Our 

study 

MoS2/GaN »1 »2.2´10-2 3.2 1.3 - 101 
MoS2/GaN »1 - - 11 - 102 
MoS2/GaN »102 - - 5.2 - 34 
MoS2/GaN 10 »10-6 - »1.8 - 103 

MoS2/Si 1 »10-7 - »3.4 - 103 
MoS2/Ge »1 »2´10-2 - - - 104 

MoS2/Black 
Phosphorus »102 - - »7 - 105 

MoS2/SiC »105 »10-8 - 1.25 - 106 
MoS2/SiC »105 »0.3 2.2 2.1  107 
WS2/GaN »102 2.96´10-5 0.5 - - 108 

Pt/SiC »105 »10-3 »0.6 1.2 - 109 
n-GaN/p-GaN »102 »10-6 »3 - - 110 

Table 5.1 TMD and 3D semiconductor-based diodes with their device performances 
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In summary, we have shown that within minutes heterostacks of MoS2 and WS2 

can be grown on GaN in a pseudo-epitaxial fashion that creates substrate-aligned layers 

with bright photoluminescence at multilayer thickness. As such, the heterostacks generated 

here resemble in properties the single layer material, while being substrate-scale 

homogeneous, pinhole-free at least on the scale of our 120 × 120um contacts, and resilient 

to lithographic processing.   

 

 WS2/MoS2 vs MoS2/WS2 

The combination of 2D materials with different physical properties and their 

interaction has been an interest for unique heterojunction configurations such as 

MoS2/WS2,111,112 MoS2/WSe2,113 MoSe2/WSe2,114 WS2/WSe2,115 and applications.116,85,117 

A number of prior studies addressed heterolayer growth on amorphous SiO2/Si (see table 

5.1) However, to our knowledge, no prior epitaxial hetero-layer growth has been reported.  

Herein, we introduce the epitaxial growth of 2D materials WS2/MoS2 on 3D 

materials GaN. Then, we discuss the in-depth comparison of WS2/MoS2 and WS2/MoS2 

stacked on GaN. To investigate this research, we developed a high-vacuum-based method 

that allows us to grow TMD stacks in situ with pristine interfaces at wafer-scale 

homogeneity without the presence of any powder/particulate precursors or reaction 

products. We ascertained the epitaxial orientation of the MoS2/WS2 layers on GaN 

throughout the entire TMD stack, as demonstrated by low energy electron diffraction 

(LEED). To investigate the layer arrangement, we performed transmission electron 
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microscopy (TEM).  X-ray photoelectron spectroscopy (XPS) allow us to resolve small 

shifts in Valence band edge and core levels in each layer, that provides information about 

interlayer charge transfer. 
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Table 5.2  WS2/MoS2 growth on amorphous SiO2/Si from literatures 

 

Papers Subs
trate 

First Step Second Step 
Extra Step Characteriza

tion First Material Second Material 

MoS2/WS2116 
SiO2/

Si W 1nm E-beam evap Mo 1nm E-beam 
evap 

Ar+H2S 
plasma, 30-

90min, 
300°C 

Plasma 
Enhanc

ed 
CVD 

Raman, 
XPS, TEM, 
EDS, AFM, 
UV-Vis, IV 

curve 

WS2/MoS2118 
SiO2/

Si 

MoO3/W
O2, S 

powders 

CVD tube 
furnace, 200°C 

MoO3/W
O2, S 

powders 

CVD tube 
furnace, 
750°C 

- - 
Raman, PL 
under strain 
test, TEM 

WS2/MoS285 
SiO2/

Si Mo 1nm 
Magnetron 
sputtering W 1nm 

Magnetron 
sputtering 

Purge/flush 
cycles with 
Ar gas at 

750°C 
→Reaction 
S power at 
300-500°C 

CVD 
tube 

furnace 

Raman, 
TEM, EDS, 

AFM, IV 
curve 

Nb-doped 
WS2/MoS2 

lateral 
heterostructure1

17 

SiO2/
Si 

(NH4)6(H
2W12O42).

4H2O, 
Na2MoO4

, 
C4H4NNb

O9 

Spin-coated 

500°C in air to convert W and Nb into 
oxide S powder at 200°C→MoS2 grown 

at 700°C→Nb-WS2 lateral grown at 
800°C 

CVD 
tube 

furnace 

Raman, PL, 
XPS, TEM, 
EDS, AFM, 

IV curve 

WS2/MoS2 
Vertical and 

lateral 
heterostructure1

19 

SiO2/
Si 

W, Te 
MoO3, S 
powder 

CVD tube 
furnace,850°C - - - - 

Raman, PL, 
STEM, 

EDS, AFM 

CVD tube 
furnace,650°C - - - -  

MoS2/WS2 
vertical 

heterostructure1
20 

Sapp
hire 

<000
1> 

WO3, S 
powder 

CVD furnace, 
900°C 

MoO3, S 
powder 

CVD 
furnace  

grown on 
SiO2/Si and 
transferred 

  

Low 
temperature 
PL, transient 
absorption 

spectra 
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Figure 5.12 Schematic of growth reactors for (a)MoS2. Hue of the Mo filament and Mo reflection 
during MoS2 growth (b) WS2 and hue of the W filament and W reflection during WS2 growth (c) 
photograph of substrates before (300nm SiO2/Si on the right side) and after WS2/MoS2 growth 
(WS2/MoS2/300nm SiO2/Si on the left side) 

 

 

Figure 5.13 (a) Color curves of the filament reflection and temperature profile during growth (b) 
Photoluminescence of heterostructure and monolayer of MoS2 and WS2 on GaN/Si and SiO2/Si 
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It is crucial to maintain a clean interface between 2D materials and GaN rather than 

be disrupted by a dirty interlayer since this affects the device performance of a vertical 

structure.24 We elucidated that optimizing the GaN surface treatment achieved low turn-on 

voltage Schottky-diode behavior of MoS2/GaN in our past research in Chapter 3. Once the 

pressure is 1x10-7 torr, we start sputtering with Neon to remove second-period 

contaminants using a sputter dose of 30 mC/cm2. Next, annealing treatment with Ammonia 

at a hot plate temperature of 750 °C for 15 minutes is performed to achieve a well-defined 

nitrogen-terminated GaN surface. MoS2 and WS2 growth are achieved, as shown in Figure 

5.13. GaN is cooled down to a hot plate temperature of 650 °C, and hydrogen sulfide is 

dosed to 2´10-3 torr. At a hot plate temperature of 650 °C, Multilayers  MoS2 are grown 

using hot molybdenum filaments of 0.5mm (~1700 °C, white color to the eye of a black 

body thermal radiator).26,48 The H2S is decomposed by hot molybdenum and creates MoSx 

precursors. The growth process is monitored by recording the reflection of the hot filament 

from a 300nm SiO2/Si substrate. Red and Green color components (0-255) are 

decomposed, which allows us to track filament brightness and film deposition. [Figure 

5.13a]. We can control layer thickness precisely while staying on the same filament 

brightness. Once Red and green component values are crossed during the growth, we 

finished growth of bilayers of MoS2 and ramped up the hot plate temperature to 788 °C for 

WS2 growth. WS2 deposition is carried out using hot tungsten filaments of 0.2794 mm 

(~over 1700 °C). The growth mechanism is the same as MoS2 deposition. In terms of the 

reflection, we stopped it once the green component was ~30 above the red one. It takes 5 

and 8 min for MoS2 and WS2 growth, respectively.  
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 Fig 5.13b shows the photoluminescence (PL) signal as obtained for single-layers of 

MoS2 and WS2 on SiO2 with well-established peaks at about 1.9 and 2.1 eV. Films grown 

on GaN do not exhibit any PL, as the exciton dissociates between the overlayer and the 

GaN bulk.71 Monolayer stacks of MoS2/WS2 and WS2/MoS2 type exhibit an MoS2-like PL 

signal suggesting near-quantitative non-radiative transfer of the exciton of the lower 

bandgap material.  

 

Figure 5.14 Raman spectrum for the heterostructure and individual monolayers of MoS2 and WS2 
on a different substrate GaN and SiO2/Si 

 

Raman spectroscopy was carried out for MoS2 /WS2 layers and WS2/MoS2 on GaN 

and SiO2/Si [Figure 5.14]. Raman peaks are observed at 352cm-1 and 420cm-1 for WS2 and 

at 383 cm-1 and 408cm-1 for MoS2, which are associated with E12g (in-plane vibration) mode 

and A1g (out-of-plane mode), respectively. Raman peaks of each hetero stacked layer 
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correspond to MoS2 and WS2 Raman peaks, indicating that MoS2 and WS2 are grown layer 

by layer and not mixed.85 The intensity of both E12g and A1g modes increases as the 

thickness increases. Compared with MoS2, red shift of E12g of MoS2in the MoS2 /WS2 layers 

and WS2/MoS2 are observed, suggesting tensile strain of heteorstacks.118   

 

Figure 5.15 (a)cross-sectional scanning TEM image (b) EDS elemental images of WS2/MoS2/GaN. 
LEED patterns obtained at 70 eV beam energy on (c) MoS2/GaN, (d)WS2/GaN, (e) 
WS2/MoS2/GaN, (f) MoS2/WS2/GaN structure 

 

We performed cross-sectional transmission electron microscopy with EDS 

elemental resolution [Figure 5.15 a,b]. The result shows a well-layered nature of our film 

and, within the instrument resolution, no intermixing between the Mo and W layers. To 

validate epitaxial growth of stacked layers, we performed a low-energy electron diffraction 
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(LEED) surface characterization technique. We observe the hexagonal diffraction patterns 

(1×1) in WS2/GaN, WS2/MoS2/GaN, and MoS2/WS2/GaN and 2×2 patterns in MoS2/GaN 

[Figure 5.15c-f], which reveals that there is no contamination layer between layers as well 

as good periodicity of WS2/ MoS2 layers on the GaN.  

 

Summary 

This thesis focused on epitaxial growth mechanisms and the characteristics of 

heterostructures based on TMDs (MoS2, WS2) and GaN under a high vacuum system. By 

means of materials with similar lattice constants and crystallographic orientation, this study 

sought to optimize the growth condition with a clean interface and enhance the 

performance of the MoS2/GaN device. Via unique synthesis, device fabrication, and 

characteristics, the following was revealed: (i) atomistic control of the interface and MoS2 

on GaN. (ii) Optimal GaN growth mechanism, (iii) alternating WS2 and MoS2 

heterostructure with enhanced.  

To begin with, thin film MoS2 on GaN with a sputter gradient is explored so as to 

validate epitaxial growth and the GaN-MoS2 interface. With an optimal sputter gradient, 

the favorable configuration was shown on the N-terminated surface, resulting in a 2×2 

superstructure. We found that the optimization of the interface led to high-quality 

MoS2/GaN diodes with a high on-off ratio (105) and low knee voltage (~0.3V). 
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Optimal interface preparation gave a pathway to grow GaN so as for 

GaN/MoS2/GaN npn heterojunction bipolar transistors. To synthesize and optimize high-

quality GaN, we attempted GaN growth on MoS2 by controlling several parameters. We 

concluded that the growth of high crystallinity GaN needs a higher temperature and lattice 

matched WS2 for freestanding from heat as well as epitaxial growth. 

Lastly, alternating MoS2 and WS2 layers on GaN are shown to exhibit strong red 

photoluminescence and epitaxial growth with 3R stacking order. In addition, a high on-off 

ratio (106) and high breakthrough voltage (-100V) were observed in heterostacks. 

Heterostacks with the persistence of bright PL and decent diode behavior can be further 

used in applications such as photonic devices. 
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