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 Since the discovery of graphene, monolayer transition metal 

dichalcogenides (TMDs) have attracted attention for spin-based devices due to 

their sizeable and direct bandgap at the single-layer limit. These 2D materials have 

pronounced spin splitting in the valence band which can allow them to be a 

functional component of next generation spin-based devices. In contrast to 

currently used silicon–which requires many layers for well-defined properties–

TMDs retain and even improve their semiconducting properties at a single atomic 

layer (consisting of a metal plane sandwiched between two chalcogen planes). 

TMDs have almost the same inertness and stability as graphene. While graphene 

is an excellent conductor, it does not 



x 

have a TMD’s native semiconducting properties. When transitioning from bulk 

to monolayer limit for TMDs, a direct band gap is observed. Transport through a 

TMD material can be switched on or off by an external electrical field.  

In this work, the growth preferences and transport properties of TMDs are 

tailored through the interaction of TMDs with ferroelectric and patterned substrates. 

The results presented are published in a few journals which will display how 

various lithographic patterned substrates are utilized to control the growth and 

electrical transport properties of the TMD films. In one case, growth of single-layer 

MoS2 islands are seeded and distributed by means of a regular array of micron-

scaled holes that extend through the oxide-layer of a 300 nm SiO2/Si substrate. 

Seeded islands are confirmed to be strictly monolayer, exhibit strong 

photoluminescence, and have conventional Raman signatures. In another case, 

periodically poled lithium niobate (PPLN) is used as our substrate where the MoS2 

exhibits a preference of one domain over the other. Electrical transport 

measurements suggest changes in the dominant carrier from n-type to p-type for 

the chemical vapor deposition (CVD) grown MoS2 under electrostatic poling of the 

substrate depending on the domain orientation.  
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Chapter 1: Introduction 

 

1.1 Motivation 

Computers, smart phones, and most other electronic devices currently use two 

types of memory: volatile DRAM (dynamic random access memory) and non-

volatile flash memory. Volatile memory has the benefit of unmatched access speed 

but lacks the stability to retain information without power in the way that the slower 

non-volatile memory can. The development of a kind of memory that is both fast 

and non-volatile would be a quantum step forward. A possible solution would be 

to combine semiconducting transition metal dichalcogenide (TMDs) films with 

ferroelectric materials. TMDs have a direct bandgap at the monolayer limit allowing 

for the potential to switch the material ON or OFF with an external electric field. 2 

The ON (1) and OFF (0) states are the fundamentals for logic operations, where 

the ON state has high carrier concentrations and the OFF state has low carrier 

concentrations. Since TMDs are semiconductors, their charge carrier 

concentration can be manipulated by doping and gating. Recently this 2-

dimensional (2D) material has gained a large amount of interest by researchers as 

a next-generation semiconductor material in order to keep up with Moore’s Law 

(devices with decreasing size and increasing density). The following chapters in 

this dissertation will discuss the role of substrate choice and its effects on the 

growth and electrical transport properties of MoS2. 

1.2 Introduction to Transition Metal Dichalcogenides 
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Although graphene has exceptional transport properties, it lacks a 

bandgap and spin-orbit coupling which is necessary in order for transistor 

devices to switch ON or OFF. Spin-orbit coupling is an interaction which allows 

for control of the charge or spin degree of freedom of carriers. TMDs have a 

bandgap and strong spin-orbit coupling in the d-orbitals. Due to spin-orbit 

coupling, MoS2 has large spin splitting in the valence band from the dxy and dx
2
-y

2 

orbitals giving rise to strong photoluminescence (PL). This allows for less energy 

to be required for the manipulation of spin state up (ON) or spin state down 

(OFF) in logic devices.  

Traditionally, MoS2 in the bulk form have been used as lubricants in 

applications such as aircraft engines. TMDs have a hexagonal prismatic crystal 

structure with  trigonal prismatic coordination and are held together by weak out-

of-plane van der Waals forces between the layers allowing for the cleaving of a 

single atomic layer.3 It has been discovered that at a single atomic layer (<1nm 

thick), TMDs are natively semiconducting 2D materials.1, 4-8 TMDs have a 

chemical formula of MX2 where M represents a single metal plane sandwiched 

between X2 which are two chalcogen planes (see figure 1).9, 10 They are also 

widely studied materials due to their tunable bandgap when combining different 

chalcogens such as sulfur (S), selenium (Se), or tellurium (Te) with metals such 

as molybdenum (Mo) or tungsten (W).  
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There are various TMDs, but this specific study focuses on MoS2 which is 

the archetypical TMD material with a direct bandgap at ~1.9 eV and strong 

photoluminescence. The band structure of MoS2 has been calculated 11 and 

experimentally measured displaying that as the number of layers decrease, a 

direct bandgap is present allowing for photoemission. In the bulk form, MoS2 has 

a bandgap of 1.2 eV where the top of the valence band is at the Γ point and the 

bottom of the conduction band is between the K and Γ points. Because of the 

quantum confinement effect, once MoS2 reaches a monolayer, the bottom of the 

conduction band and the top of the valence band become aligned at the K-point 

resulting in a direct bandgap. The quantum confinement effect occurs when a 

material is so small (<10nm thick) that the electronic and optical properties of the 

material are altered as its size decreases. This gives rise to the photoemission 

 
 
Figure 1. A model representation of a TMD MoS2 layer with trigonal 
prismatic coordination of the Sulfur atoms (in yellow) and the 
Molybdenum atoms (in black).  
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and direct bandgap of MoS2 increasing from 1.2 eV to ~1.9 eV as a monolayer is 

reached.  

 

1.2.1 Substrate Cleaning and CVD Growth of MoS2 

There are several methods that research groups use to obtain monolayer 

TMD films including microexfoliation, chemical exfoliation, layer thinning, and 

chemical vapor deposition (CVD). 5, 12-20 The same microexfoliation technique 

that was famously used for graphene was also the first method used to obtain 

monolayer MoS2. This technique utilized a scotch tape method to cleave layers 

from a bulk crystal onto a desired substrate.1 Although this proved to be 

successful, the monolayer areas obtained were significantly smaller and less 

consistent than the CVD method. In a previous study, we showed a direct 

comparison of CVD vs. exfoliated MoS2 and were able to achieve monolayer 

areas that were of magnitudes larger with greater density of coverage using our 

CVD process (figure 2b).21  

In this dissertation, we utilize CVD in tube furnaces to synthesize larger areas 

of the TMD films. CVD is a chemical process used to produce thin films where a 

substrate is introduced to volatile precursors that deposit onto the surface of the 

substrate. Prior to the CVD growth the substrates were cleaned. In Chapter 2, 

the holes substrates were submerged in an isopropyl alcohol (IPA) solution 

followed by a 15-minute sonication. Following the sonication, the substrates were 

then rinsed with distilled (DI) water and cleaned with a piranha solution. The 
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piranha solution consisted of a 3:1 ratio of sulfuric acid and hydrogen peroxide, 

respectively. We used a mixture of 30 mL sulfuric acid and 10 mL of 30% 

hydrogen peroxide. We submerged the substrates in the piranha solution for 1 

hour followed by a series of DI water rinsing. The substrates were rinsed first in a 

beaker with 80 mL DI water, followed by a rinse in a beaker with 400 mL DI 

water, and a rinse in another beaker with 400 mL DI water. The substrate was 

then dried with nitrogen gas. Due to the sensitivity and size of the substrate of 

choice in Chapter 3, the periodically poled LiNbO3 substrate was cleaned with an 

acetone rinse and an IPA rinse followed by a water rinse. A Mellen TT12 furnace 

and Lindberg type furnaces (pictured in figure 3a) were resistively heated to carry 

out the growths at a single heat zone focused at the center of the furnace. In 

figure 3, a fused quartz tube from Technical Glass Products is placed inside of 

the furnace. Alumina crucibles from Coorstek Inc (Figure 3b) are used to contain 

the precursors. The volatile precursors used are powdered MoO3 (Sigma Aldrich 

99.5%) for molybdenum and powdered elemental sulfur (Alfa Aesar 99.5%) for 

sulfur. Programmed Honeywell controllers were powered in series (figure 3c) to 

slowly anneal the furnaces to set temperatures ranging from 650ºC to 700⁰C 

depending on the desired growth morphology. Ultra-high purity nitrogen  

(99.999%) acts as the carrier gas for the precursors. A flow meter (figure 3d) 

regulates the amount of gas introduced into the furnace.  
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A growth setup consists of two alumina boats with measured precursors 

(pictured in figure 3b). One boat consists of 0.1-0.25g MoO3 and another 

contains 0.5-1g of S. The alumina boat with the Mo precursor is placed in the 

quartz tube in the center of the heating zone of the furnace. The substrate of 

choice for growth is placed of mounted on the edge of the boat containing the Mo 

precursor. The second alumina boat with the S precursor is positioned upstream 

of the Mo alumina boat at approximately 25 cm from the center heat zone.  

Figure 2. a) Photograph of sample after CVD growth. b) Optical micrograph of 
area indicated in a) showing monolayer MoS2 region. c) High-magnification 
micrograph of area indicated in b) showing the transition from individual 
islands to the monolayer. d) Optical micrograph of MoS2 flakes prepared by 
mechanical exfoliation on an SiO2/Si wafer. e) High-magnification micrograph 
of area indicated in d). The bottom part of the flake (light blue color) is of 
monolayer thickness. 
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We begin the growth process with a rapid flow of ultra-high purity nitrogen at 

5 standard cubic feet per hour (SCFH) to purge the tube. Once the quartz tube is 

filled with only ultra-high purity nitrogen gas, the gas flow is decreased for the film 

growth at a rate of 0.5 SCFH. In Chapter 3, where a relatively small substrate 

was used, we utilized a custom cut woven Mo-mesh (from VWR International) to 

hold the substrate on the edge of the alumina boat carrying the Mo precursor 

(figure 4b). The open spaces in the mesh allow for deposition of the TMD onto 

the substrate. The furnace is then annealed using the controller ramping settings 

to reach a maximum temperature of 650-700ºC in 43 minutes. Once the 

maximum set temperature is reached, the furnace is held for 10-20 minutes. The 

hold time depends on the desired resultant growth morphology of films or 

triangles. We typically observe that with shorter hold times, a triangle growth 

morphology is achieved and with longer hold times, larger areas of film growth is 

achieved. The different growth morphologies are seen in figure 5. The flow rate 

was kept constant at 0.5 SCFH inside of the quartz tube as the heat source was 

powered off and the CVD furnaces cooled to ambient temperature naturally. A 

type K thermocouple is used throughout the entire growth process to monitor the 

furnace temperature. The thermocouple is in contact with the outer surface of the 

quartz tube. 
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Figure 3. a) Photo of a Lindberg furnace propped open with a fused quartz 
tube inside. b) Alumina crucible used to house precursor materials inside of 
the fused quartz tube. c) Honeywell furnace controller user interface. d) 
Flowmeter to control the rate of the incoming ultra-high purity nitrogen gas. 
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Figure 4. a) Photo of small LiNbO3 substrate on polishing jib after complete 
removal of the electrode pattern. b) Schematic representation of the MoS2 
growth system. The substrate rests on an alumina boat carrying the MoO3 Mo-
source; an upstream boat provides sulfur vapor. The substrate is held by a 
Mo-mesh to attain optimal position for single-layer deposition. 

 
 

a) b)
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1.2.2 Controlled Growth of MoS2 

Although the CVD technique is demonstrated to have larger monolayer 

areas, growth of islands and film are still at random locations. Previous studies 

have used seeds such as evaporated molybdenum that is patterned onto the 

substrate or dispersed MoO3 nanoribbons prior to the CVD growth.22, 23  A study 

by Han et al. patterned wells into their substrate then filled the wells with their Mo 

source by either thermally evaporating MoO3 or spin coating with ammonium 

heptamolybdate ((NH4)6Mo7O24·4H2O, AHM) solution. Post deposition of their 

Mo source, Han et al. placed the substrates into a CVD tube furnace with S. 

This technique proved to seed the growth in the well locations but grain 

boundaries were present and not all of the growth was single-layer material. In 

 

 

Figure 5. a) Optical image of an MoS2 growth with a triangle morphology. The 
green dot in the center is from the laser spot of the LabRam HR 800 
instrument. The pink is the SiO2/Si substrate and the purple is the monolayer 
island. Bright blue and white colors are thicker material growth areas. b) 
Optical image of a continuous film area.  
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Chapter 2, we utilize a technique that pre-patterns the substrate to determine 

CVD growth locations without the need for an additional step of Mo source 

deposition. Our method results in the majority of the MoS2 growth to be single-

layer at the pre-determined locations. These results will be further discussed in 

Chapter 2.  

 

 

1.2.3 Atomic Force Microscopy Characterization  

Post growth of the material, various characterization techniques are used to 

verify the number of layers such as examination of the optical contrast of the 

material on the substrate, atomic force microscopy (AFM), Raman spectroscopy, 

and photoluminescence (PL) spectroscopy. AFM is a benign scanning probe 

microscopy method which measures the force between the probe and the 

sample surface with a cantilever tip to look at the surface topography of the 

sample. The cantilever tip is moved across the sample while a laser beam 

deflection is measured by a photodetector. MoS2 is only three atomic layers thick. 

Previous studies have measured the height of MoS2 to be 0.65-1nm in height. 

We utilize AFM in Chapter 2 to verify the homogeneity of our resultant growth 

material height.  
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1.2.4 Raman and PL Characterization of MoS2 

Raman and PL spectroscopy were measured using a Horiba LabRam HR800 

at an excitation wavelength of 532nm (Figure 6a). Raman spectroscopy is also a 

nondestructive technique used to characterize the TMD material and its 

thickness. Previous studies have shown thickness dependent Raman modes due 

to lattice vibrations.1 MoS2 has two Raman modes that are sensitive to thickness, 

the 𝐸2𝑔
1  and 𝐴1𝑔 modes (The in-plane and out-of-plane mode, respectively). The 

𝐸2𝑔
1  mode measures the in-plane vibrations from the Mo and S atoms while the 

𝐴1𝑔 mode measures the out-of-plane S vibrations. As MoS2 decreases in layer 

number from bulk to monolayer, the in-plane the 𝐸2𝑔
1  mode increases and the 

out-of-plane 𝐴1𝑔  mode decreases in frequency. The Raman shift separation for 

monolayer material has been studied to be 18-20 cm-1. Figure 6c is a measured 

Raman spectrum of an MoS2 film on top of a SiO2/Si substrate. The two 

signature Raman modes are measured for monolayer MoS2 with 𝐸2𝑔
1  and 𝐴1𝑔 

modes (380 cm-1 and 400 cm-1, respectively). The large peak at 520 cm-1 is from 

the SiO2/Si substrate underneath the MoS2 film. Figure 6d shows a 

representation of MoS2 on top of a LiNbO3 substrate where the Raman data is 

less useful. LiNbO3 has many intense Raman peaks that mask the MoS2 Raman 

modes. The Raman data was taken at the 1800 mm-1 grating on the Horiba 

LabRam HR800 instrument.  
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PL spectroscopy is utilized to measure the optical bandgap of TMDs. As 

discussed in Chapter 1.2, at a monolayer there is a direct transition of the band 

gap at the K-point which allows for strong photoemission. Figure 6b is a 

measured PL spectrum for MoS2 at the 600 mm-1 grating in the instrument. A 

photon energy of 1.88 eV is measured which is indicative of monolayer MoS2.   

Since single-layer TMDs have been discovered, it has been a challenge to 

obtain large area single-crystalline TMD material that reaches wafer scale. In 

order for TMDs to be integrated into future technology, wafer scale synthesis is 

necessary. In Chapters 2 and 3, we employ two different techniques to seed the 

growth of the TMDs at desired locations: using pre-patterned substrates and 

using lithographically patterned ferroelectric substrates. Having the potential for 

controlled growth at pre-determined locations can lead to larger high-quality 

films. 
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Figure 6. a) Photograph of Raman and PL measurement set up on a LabRam 
HR800. b) PL spectrum for single-layer MoS2 with an energy of 1.88 eV. c) Raman 

spectrum for monolayer MoS2 with 𝐸2𝑔
1  and 𝐴1𝑔 modes (380 cm-1 and 400 cm-1, 

respectively). The large peak at 520 cm-1 is from the SiO2/Si substrate underneath 
the MoS2 film. d) Raman Spectrum for MoS2 film growth on top of LiNbO3 
substrate. The Raman modes for the LiNbO3 masks the MoS2 Raman modes.  
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1.3 Electrical Transport Properties of MoS2 

MoS2 is one of the most widely studied TMDs due to its electronic and optical 

properties in the monolayer form. High mobilities (220 cm2/ (V·s)) have been 

measured for exfoliated MoS2 with on/off ratios of up to 105.24 In these studies, 

MoS2 typically displays n-type doping behavior due to defects such as sulfur 

vacancies in the material which allow for the free flow of electrons in the 

conduction band with an applied voltage.25-27 In order to gain insight on the 

electronic properties of TMDs, charge carrier density is observed using field-

effect transistors (FETs). FETs consist of metal electrodes that constitute a 

source, a drain, and a gate which control the conductivity of the device by 

applying positive or negative charges across a gate dielectric. A typical device 

configuration utilizes back gating in which there is metal deposited (gate 

electrode) on a Si substrate with a thermal oxide layer (dielectric layer). FETs 

and related devices from TMDs have been made by many groups.10, 24, 28-34 

Change of doping in TMDs has been achieved by methods such as chemical 

vapor transport (CVT), ionic gating, top gating, and modification of the underlying 

substrate but in this study, we utilize ferroelectric gating (which will be further 

discussed in Chapter 3) to change the dominant carrier in MoS2 from n-type to p-

type.  
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1.3.1 Probe Station Instrument Development and Setup 

 Electrical transport measurements were carried out in a home-built probe 

station housed in a glovebox pictured in figure 7b. The glovebox is filled with 

ultra-high purity nitrogen gas at a constant flow of 20 SCFH. The sample and 

probes are on top of a Mitutoyo vibration damping stand to reduce noise in 

measurements. The 1.25” SE-20TB probes are made from tungsten with a 20 µm 

diameter tip from Lucas/ Signatone Corporation. The tungsten probes are 

attached to micrometers to allow for movement of the probes across the sample 

(figure 7a). The inset in figure 7a show probe tips landed on device pads. BNC 

wires connect the probes to a Keithley 2400 SourceMeter instrument (figure 7c). 

The Keithley 2400 is a DC power supply that allows for the sourcing of voltage 

and current as well as measurement of voltage and current. Source-drain 

characteristics are measured in various parameters to determine the output and 

transfer characteristics. The output characteristics sweeps a source-drain voltage 

(Vsd) while measuring source-drain current (Isd) with different gate voltages (Vg). 

Transfer characteristics were measured by measuring Isd at various Vsd with 

sweeping Vg. Chapter 3 will further discuss these measurements.  
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Figure 7. a) 20 µm diameter tungsten probes tips are attached to micrometers 
above the sample stage. Inset shows photo of probes landed onto device 
pads. b) Photo of our home-built probe station housed in a glovebox filled with 
nitrogen. c) Keithley 2400 SourceMeter 

 



18 

 

1.4 Ferroelectric LiNbO3 Substrate 

A ferroelectric material is one that retains an electrical polarization just as a 

ferromagnetic material (what one colloquially calls a ‘magnet’) retains its 

magnetic polarization. Ferroelectric materials can be permanently polarized by 

applying a sufficiently strong voltage whose magnitude depends on the 

ferroelectric material and thickness. In chapter 3 of this study, our substrate of 

choice is lithium niobate (LiNbO3) which is both a ferroelectric and piezoelectric 

material which has a trigonal crystal structure with no inversion symmetry. A 

piezoelectric material has the ability to generate an electric charge in response to 

applied mechanical stress. LiNbO3 is commercially used for mobile phones, 

piezoelectric sensors, optical applications such as waveguides and optical 

modulators.  

LiNbO3 is particularly a material that has a coercive field of kVs, so once it is 

poled the poling is set either up or down. The term poling refers to inverting the 

spontaneous polarization orientation of the ferroelectric LiNbO3 crystal (figure 

8).35  This can be reversed under a large electric field. The polarization 

orientation is induced by the displaced Nb atom within the same octahedron 

allowing for the movement of the Li atom from one octahedron to the vacant 

octahedron. LiNbO3 was chosen for these experiments due to its high Curie 

temperature that is well above 1000°C, ensuring that the substrate can retain its 
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polarity during the growth process of MoS2 in our CVD furnace.  A Curie 

temperature is the point at which a magnetic material’s properties is altered.  

Below that Curie point, the atoms in the ferromagnet are aligned and parallel with 

spontaneous magnetism. Above the Curie temperature, the material becomes 

paramagnetic and there is no longer an order of the magnetic moments. Hence, 

the choice for LiNbO3 since our growth temperatures do not exceed 700°C 

ensuring that we do not depolarize our substrate.  

 

1.4.1 Periodically Poled LiNbO3  

In Chapter 3, the substrate of choice is periodically poled lithium niobate 

(PPLN) obtained from the University of Nebraska-Lincoln. The PPLN substrates 

originate from 3” LiNbO3 wafers of 0.5 mm thickness that are cut normal to the 

 

Figure 8. A model representation of a LiNbO3 crystal structure with displaced 
Nb atoms within the same octahedron and a shift of the Li atom from one 
octahedron to the vacant octahedron. 
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polar axis. An electric poling technique is used to attain the periodic poling. 

Initially, a poling direction (figure 9) was established throughout the entire wafer 

by applying a voltage normal to the wafer utilizing saturated LiCl aqueous 

solutions as electrodes. Then the c+ polar (Z+) surface was covered by 

photoresist that was lithographically patterned into stripes at a pitch of 12-16 µm. 

The c- polar (Z-) surface was covered by a continuous liquid electrode. Through 

application of a poling voltage in excess of 10 kV in a fixture with liquid 

electrolyte36, 37, the resist pattern was transferred into a poling pattern in the 

substrate. The photoresist pattern was removed after the poling process by 

dimethyl sulfoxide and dry etching by oxygen plasma, leaving behind a bare 

ferroelectric surface. The wafer was cut into 5 x 5 mm2 samples with sides 

parallel to the crystallographic X and Y directions. Care was taken to remove the 

photoresist pattern completely, which was ascertained by AFM. Figure 4a shows 

an image of the sample on the polishing jig after electrode removal. 

We utilize piezoresponse force microscopy (PFM) to image ferroelectric 

domains on LiNbO3 substrates. PFM is also a scanning probe microscopy 

technique similar to AFM. This method exploits as a contrast mechanism the fact 

that ferroelectric behavior implies piezoelectricity. A conductive cantilever tip 

scans across the sample surface as an alternating current (AC) is applied. The 

piezoelectric effect allows for the sample to respond to the electrical stimulus by 

having the substrate locally expand or contract. On the C- (down) domains with a 

positive tip bias, there is expansion in the sample and oscillations are in phase 
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with the sample (0⁰). On the C+ (up) domains with a positive tip bias, the 

substrate contracts and oscillations are out of phase with the sample (180⁰). As 

the cantilever tip scans the response of the sample to the applied voltage, a laser 

is deflected off of the tip and is detected by a photodiode detector. Consequently, 

mapping the piezoelectric response of a material provides a direct image of its 

ferroelectric domain structure. For imaging in Chapter 3, an AC voltage of 2 V at 

12 kHz is applied to the sample surface via a conductive tip (NSC-14 

MikroMasch, k= 5 N/m) and the resultant surface displacement is detected using 

the same tip. Figure 4a shows an image of one of our substrates before 

deposition of MoS2. In figure 10, the PFM amplitude and phase are measured 

post electric poling of the LiNbO3, displaying the periodic domains. Sharp lines 

are seen displaying the domain boundaries between the up and the down 

domains. As described above, two phases along the surface normal are seen in 

figure 8b C+ (180⁰) and C- (0⁰).  
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Figure 9. Diagram of PPLN domain orientations. The red strips are the 
unreversed polarization from the original LiNbO3 substrate (C + polar). The 
blue strips are the reversed polarized domains (C – polar). The arrows 
indicate the direction of the spontaneous polarization post application of the 
electric field.  
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1.4.2 Heating of LiNbO3  

In Chapter 3, a preference for the MoS2 growth on one domain over the 

other is seen. This can be possible due to the growth temperatures of our CVD 

furnace. Prior publications have shown that humidity from the air causes a 

water/OH layer at the surface of a ferroelectric that alters the electrostatic and 

chemical setup of its surface and is crucial in screening of its polarization. In 

 

 

Figure 10. a) The piezoresponse force microscopy (PFM) amplitude (as 
tracked in c)) image of the polar surface of the periodically poled lithium 
niobate (PPLN) sample showing antiparallel 180° domains (a,c), with sharp 
discontinuities appearing at the domain boundaries; b) the piezo-response 
force microscopy (PFM) phase (as tracked in d)) image of the polar surface of 
the periodically poled lithium niobate. The dipole direction is along the surface 
normal, either positive or negative with respect to the surface. 
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complementary studies in vacuum, it has been shown that the water layer can be 

desorbed at elevated temperatures and a non-stoichiometric surface coverage 

results. There is a differentiation of the surface composition of the different 

polarization domains of LiNbO3 at our growth temperature of ~700⁰C. Our studies 

anticipate the surface composition under hot, dry process gas to resemble the 

surface composition under a vacuum (the validation of the surface composition is 

beyond the scope of this study).38 Previous work describes the surface 

composition of the LiNbO3 to have greater evaporation of lithium and particularly 

oxygen on the up-domains than the down-domains. Computational studies of 

LiNbO3 also show that there are less oxygen atoms at the surface of the up-

domains.  

 

1.4.3 Hybrid LiNbO3 – MoS2 FET 

Due to the piezoelectric properties of LiNbO3, examples of applications in 

optoelectronics are surface acoustic wave radio frequency (SAW RF) devices, 

and integrated optics. A SAW is a type of longitudinal wave that propagates 

through adiabatic compression and decompression along the surface of a 

material that exhibits elasticity with an amplitude. In a study with Preciado et al., 

we introduce the combination of MoS2 with LiNbO3 as an acoustoelectric 

device.39 This device has comparable electrical characteristic properties to 

conventional devices on SiO2/Si. The advantage of this device is that the 
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combination of piezoelectric LiNbO3 and semiconducting MoS2, allows the 

utilization of surface acoustic waves on the substrate to manipulate and measure 

the electrical transport properties of MoS2 free of contacts.  

 In this particular study, we utilized black 128ºYX- cut LiNbO3. This specific 

cut was chosen in order to have a propagatable SAW grade crystal. The 

orientation is 128º rotated from the +Y through the +Z axis about the X axis. 

Black LiNbO3 is chemically reduced to neutralize electrical charges. CVD was 

also used to grow the MoS2 onto the LiNbO3. 0.25g of MoO3 and 1g of S was 

measured for our precursors. The substrate in this experiment was also very 

small and thin (9 mm x 5 mm x 0.005 mm) compared to typical Si wafers, so we 

utilized another custom-made Mo mesh holder to mount the substrate above the 

edge of the alumina boat containing the Mo precursor which was placed in the 

center heat zone. The S containing crucible was placed 25 cm upstream from the 

Mo containing crucible. The growth proceeded with the same parameters as 

Chapter 1.2.1, with a hold time of 20 minutes at 650ºC. The resultant growth had 

mm-scaled film (figure 11b). Figure 11b has a spatial PL map of the entire 

LiNbO3 substrate post CVD growth. In the PL map of figure 11b, the brighter the 

color the higher the PL intensity. The MoS2 film is shown in bright red which 

spans across the substrate, the dark red is the LiNbO3 substrate.  

 The device scheme is pictured in figure 11a where there are electrical 

contacts made of Ti/Au across the MoS2 film and interdigital transducers (IDTs) 

are patterned on opposite sides of the substrate. The IDTs serve to convert the 



26 

electric signals to SAW. This device configuration allowed for the measurement 

of both FET and SAW characteristic. The measurements confirmed the n-type 

response of MoS2 and SAW spectroscopy also confirmed the dominant charge 

carriers as n-type. It is worth noting that the FET mobility (µFE) for our film on 

128ºYX-cut LiNbO3 is 43 cm2/V·s for a 4-point output measurement at Vsd= 0V. 

This study displayed the direct growth of large-area monolayer MoS2 film onto 

128ºYX-cut LiNbO3 is possible without the need of transfer or exfoliation. 

Although this hybrid device required metal contacts on the MoS2 film to verify 

congruence between measurements, future hybrids of LiNbO3 with TMDs may 

function solely on an acousto-mechanical approach with SAW. Further details of 

this study can be found in Precidao et al.39 
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Figure 11. a) Schematic of the hybrid MoS2/ LiNbO3 FET device with four 
Ti/Au electrodes across the MoS2 film. Two IDTs on opposite sides of the 
substrate are utilized to excite SAWs propagating across the MoS2 FET while 
the sample is optically excited. b). A spatial photoluminescence map of the 
entire LiNbO3 substrate post CVD MoS2 growth. The brighter the signal, the 
higher the PL in the area. The MoS2 film area (bright red) spans across almost 
the entirety of the substrate.  
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Chapter 2: Chemical Vapor Deposition Growth of a Periodic Array of 
Single-Layer MoS2 Islands via Lithographic Patterning of an SiO2/Si 
Substrate 
 

The following is taken from an article published in 2D Materials and is presented 

here with the permission of 2D Materials. This collaborative work was performed 

by me and the following students and collaborators. 

 

Dezheng Sun1,2, Ariana E. Nguyen1, David Barroso1, Xian Zhang2, Edwin 
Preciado1, Sarah Bobek1, Velveth Klee1, John Mann1,3 and Ludwig Bartels1 

1. Materials Science & Engineering, Chemistry and Physics, University of 
California, Riverside, CA92506, USA 

2. Dept. of Physics, Columbia University, 3000 Broadway, New York, 
NY10027-6941, USA 

3. Permanent Address: Natural Science Division, Pepperdine University, 
24255 Pacific Coast Highway, Malibu, CA90263-4280, USA 

 

2.1 Introduction 

From a technological perspective, wafer scale growth is a desirable goal. 

Yet its utility is greatest for device architectures that employ the MoS2 material at 

the front end of the line and parallel to the substrate. A technique that allows local 

seeding of the material would, however, be far more desirable for applications such 

as high-electron mobility transistors (the backbone of current logic and memory 

technology) that employ vertical channels. Similar consideration apply to the 

incorporation of TMD materials into pre-defined optoelectronic architectures.40 
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Here we show that patterning of an SiO2/Si substrate can lead to the growth of 

single-layer MoS2 material at predefined locations. 

The state of the art in large area TMD growth results in films that extend 

across practically the entirety of a wafer substrate.12-19 Yet those films are not 

single-crystalline; rather, they contain rotational and/or antiphase grain 

boundaries. Grain boundaries are known to affect the conductivity and mobility of 

TMD films substantially41 and the uncontrollable presence of them in large area 

growth reduces the utility of such growth techniques. In this manuscript, we 

suggest an alternative approach that relies on local seeding of the MoS2 film. Our 

results show the feasibility of local seeding and also the crystalline nature of the 

resultant single-layer material. Ultimately (and beyond our current ability), such an 

approach may yield individual single-layer TMD crystallites, which are small 

enough to be devoid of internal grain boundaries and large enough for their desired 

functionality, e.g., as a transistor channel or an optically active material. Prior work 

that mentions seeding of 2D film growth includes42, 43 for graphene and17, 22, 44, 45 

for MoS2.  

Here we report on MoS2 CVD growth experiments, in which the presence 

of ∅=2 μm holes that pierce through a 300 nm SiO2 layer on a Si substrate result 

in high-fidelity seeding of single-layer MoS2 crystallites. We find MoS2 islands with 

high photoluminescence yield that grow from the edges of the holes outward. Our 

growth technique complements the approach chosen in22, in which MoS2 growth 

areas were defined by selective deposition of molybdenum precursors utilizing a 
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resist soft mask followed sulfurization. That technique proceeds on a flat substrate 

and leads to MoS2 islands with multi-layer growth seeds. In contrast, our technique 

utilizes features already present on the substrate, avoids a dedicated lithographic 

step, foregoes any requirements of flatness of the substrate, and produces MoS2 

islands with minimal growth seeds only. Similar to22, we characterize our results 

by a number of techniques including photoluminescence mapping, Raman 

mapping, atomic force microscopy (AFM) and scanning electron microscopy 

(SEM). Because of the elevated growth temperature and the inapplicability of our 

characterization techniques under the actual growth conditions, we can however 

only speculate about the origin of the seeding effect we observe. 

 

2.2 Results 

 

2.2.1 Substrate Preparation and MoS2 Synthesis 

Our growth experiments start by patterning square arrays of ∅=2 μm round 

holes into a SiO2/Si substrate at a pitch of 7 μm. We use optical lithography to 

generate the hole pattern and a chromium hard mask during inductively coupled 

plasma etching with a mixture of CF3H and O2 (figure 12). Subsequently, we grow 

MoS2 onto the substrate following the recipe of14. The method section provides 

further details on substrate preparation and TMD film growth. MoS2 films prepared 

in this fashion in our lab have strong photoluminescence (PL) signal and Raman 

modes matching those of exfoliated single layer films.21 
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Optical microscopy reveals the typical millimeter scale variation of the MoS2 

coverage on the substrate reported elsewhere.14, 21 Areas with higher coverage 

exhibit a continuous film all across the substrate, while areas far remote from the 

MoO3 show no growth.18 In the following, we focus on areas in which we find 

incomplete substrate coverage by a single-layer MoS2 film. Figures 10(a) and (b) 

shows a representative optical micrograph of an area on the substrate before and 

after growth of MoS2 islands. We observe individual single-layer crystallites on the 

micron scale that exhibit straight edges. Astonishingly, the islands show a strong 

preference for growth around the substrate holes. While we also observe growth 

of MoS2 triangles absent seeding by a substrate hole (as one would expect, 

 

 

 

Figure 12. Fabrication of an array of ∅=2 μm holes on a 7 μm x 7 μm grid. A 300 
nm SiO2/Si wafer is covered by a chromium film and photoresist which is exposed in 
a mask aligner. The resist is developed and wet etching is used to transfer the hole 
pattern into the chromium layer. The remaining resist is removed and the chromium 
layer is used as a hard mask for inductively coupled plasma etching of the oxide. 
After wet removal of the chromium and piranha cleaning of the substrate, MoS2 
growth is seeded at the holes. 
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because our growth procedure was initially optimized for growth on unpatterned, 

flat substrates), we find that every single hole in this substrate region seeded at 

least one MoS2 crystallite. The MoS2 islands either exhibit a triangular overall 

shape or appear to be assembled out of merged triangles, each exhibiting different 

side lengths. Clearly, the hole and/or its perimeter are preferred island nucleation 

sites; at sufficient coverage the islands surround the entire hole perimeter (see 

figure 13). 

 

 

 
Figure 13. (a), (b) Optical micrographs of a patterned SiO2/Si substrate after or 
reference, before growth of MoS2 single-layer islands, respectively. ∅=2 μm 
holes through the substrate oxide seed the formation of crystalline single-layer 
MoS2 islands. The annotations are described in the text. (c) An AFM image 
(area of white box in panel a) confirms the MoS2 island shape and indicates an 
apparent height of ∼1 nm, as typically found for CVD MoS2 islands. 
 
 
 



33 

2.2.2 Atomic Force Microscopy 

We also perform AFM. Figure 13c shows an AFM image of MoS2 crystallites 

surrounding a few holes. The AFM results corroborate the homogeneous heights 

of the islands without prominent cracks or dislocation lines. The islandʼs surface is 

smooth and no indications of double-layer seeds even near the edges are found. 

The islands appear ∼1 nm thick with respect to the substrate, typical for CVD 

grown MoS2 islands. Because of the much deeper depth of the holes (several 

hundred times the MoS2 film thickness) and the finite sharpness of the AFM tip, no 

information about the bottom of the hole is obtained. 

 

2.2.3 Scanning Electron Microscopy 

SEM imaging at 1 kV beam energy shows improved resolution of the island 

perimeters (figures 14(a) and (b)), which appear as intense outlines in the images. 

Double-layer growth seeds on islands nucleated between the holes (to left in figure 

14(a)) contrast the absence of such inhomogeneities at islands seeded by the hole 

edges. Internal grain boundaries of the islands can be distinguished (figure 14(b)) 

at higher resolution. The straight nature of these lines indicates that the islands are 

composed of a finite number of individual MoS2 crystallites each having well-

defined crystalline orientations, similar to conventional (unseeded) growth.14 
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2.2.4 Raman and Photoluminescence Spectroscopy 

We performed Raman spectroscopy utilizing a Renishaw Invia instrument 

with a 532 nm excitation laser. The MoS2 islands exhibit two characteristic peaks 

at 382.9 cm−1 and 403.7 cm−1 in further support of the monolayer nature of the 

MoS2 film (figure 15).1, 4, 5 In order to examine the homogeneity of the film, we 

mapped the spatial distribution of the Raman modes using a diffraction-limited 

beam spot and 200 nm step size. The left inset shows the fitted peak intensity of 

the 𝐸2𝑔
1  Raman signal across the area shown in the optical micrograph (right inset). 

The entire island exhibits homogeneous Raman signal; the area of the hole (green 

 
 

 
 
 
Figure 14. (a) SEM imaging at 1 kV beam energy allows us to discern the 
perimeters of the islands at high fidelity. (b) A higher magnification view of a 
MoS2 islands also reveals grain boundaries inside the single-layer film. (c) 
Mapping of the photoluminescence (PL) intensity of the island marked by a 
black box in figure 1(a). Brighter coloring corresponds to higher PL intensity and 
darker color to lower. The PL map reveals uniform intensity where the island is 
supported on the substrate and high intensity where suspended. 
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mark) has reduced Raman signal and the double-layer seed of the island in the 

top right (blue mark) has enhanced signal, as expected.4, 5 

 

 
 

 

Figure 15. (a) Raman spectrum of the MoS2 islands show in the characteristic 

𝐸2𝑔
1  and 𝐴1𝑔 modes of MoS2 (the peak at 520 cm−1 is the substrate oxide). Our 

notation of Raman modes follows1. The insets show mapping of the 𝐸2𝑔
1  mode 

intensity (map area: 8 μm×8 μm) and the corresponding optical image. 

Evaluation of the 𝐴1𝑔 mode was also performed; its intensity distribution 

closely resembles that of the 𝐸2𝑔
1  mode. The green and blue markers indicate 

the location of the substrate hole and the double-layer growth seed of the 
adjacent crystallite, respectively. (b)A PL spectrum of the islands shows a 
peak at 1.86 eV. 
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The MoS2 flake exhibits a PL spectrum with a peak positions at ∼1.88 eV 

(figure 13(b)) indicating single layer material with little strain.46 We also perform PL 

mapping of an MoS2 crystallite surrounding a substrate hole. The PL intensity of 

the island is homogeneous where supported by the substrate. We observe a close 

match between the optical (black box in figure 13(a)), the SEM (figure 14(b)) and 

the PL mapping image. Remarkably, we find high PL intensity across much of the 

substrate hole. We attribute this to MoS2 single-layer film overhanging the hole in 

an unsupported fashion; the absence of substrate-induced quenching is known to 

cause higher PL intensity.4 

A survey of many islands reveals varying amounts of unsupported MoS2, 

but we never found an uninterrupted film across the substrate hole. We attribute 

the latter to potential damage of an MoS2 membrane when the furnace is cooled 

from growth to ambient temperature and the gas inside the hole contracts. The PL 

mapping was performed before SEM (and AFM) imaging to avoid beam-(tip-) 

induced damage from modifying the MoS2 film. 

Finally, we address a substrate region of very low overall MoS2 coverage. 

Optical microscopy is less helpful here because of the small size of the crystallites. 

SEM imaging (figure 16) reveals a multitude of small triangular crystallites and the 

majority of the holes to have seeded at least one of them. A common feature of 

the hole-seeded growth appears to be that the seeded MoS2 crystallites tangent 

the hole perimeters with one of their straight edges (rather than having their center 

at the hole perimeter). This may suggest that islands seeded at the hole perimeter 
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do not grow from a central but rather from an edge spot as the nucleation site, in 

stark contrast to islands seeded on the terraces, which frequently have central 

bilayer seed spot (green marks on figure 13(a)). 

 

 

The overall number of islands found in this region is larger than that on the 

higher coverage substrate areas (figure 13(a)). This may derive from the 

inhomogeneity of the CVD growth conditions: small local variations in the process 

gas flow and the availability of reactants caused by the geometry of how the growth 

 
 

 
 
 
Figure 16. SEM imaging of small MoS2 single-domain triangles seeded at holes 
and in the interstitial region. 
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substrate is supported on the oxide-precursor boat may be the origin. Alternatively, 

aggregation of many small islands into larger ones is a typical hallmark of Ostwald 

ripening47, suggesting a potential growth mode of these films. Because of our 

inability to investigate the substrate during the actual growth process, no definite 

conclusion can be drawn. 

In conclusion, we have demonstrated controlled CVD growth of high quality 

monolayer MoS2 islands at pre-determined sites of a patterned substrate. Our 

method brings closer the direct growth of patterned monolayer CVD film 

specifically at the desired location in integrated electronic or optoelectronic circuits. 

 

 

2.3  Methods 

 

2.3.1 Substrate Patterning 

We prepare the substrate pattern using conventional photolithographic 

processing by means of a Cr hard mask: a 300 nm SiO2/Si wafer is cleaned by 

piranha solution. Subsequently, 100 nm of Cr are deposited using thermal 

evaporation. A coat of Shipley 1813 resist is applied and baked for 1 min at 115°C. 

A photo mask with the desired hole-array pattern (hole diameter 2 μm, pitch 7 μm) 

is used to generate the pattern in the photoresist layer. The hole pattern is 

transferred into the Cr layer by immersion of the wafer into Cr etchant solution. 

Subsequently, the photoresist is removed by acetone. CHF3/O2 plasma etching is 



39 

used to etch the holes all the way across the SiO2 layer into the Si substrate. In 

the final step, we remove the remaining Cr by wet etching and clean the substrate 

using piranha solution before TMD film growth. 

 

2.3.2 TMD Film Growth 

Monolayer MoS2 is grown onto the patterned substrate via CVD utilizing 

elemental sulfur and MoO3 powder as precursors. Alumina boats containing the 

precursors are placed at different positions in a quartz process tube, which is then 

inserted into a tube furnace. A molybdenum mesh resting on the edge of the MoO3-

containing boat is used to support the substrate (see figure 4). The furnace is 

gradually heated up to 650°C–700°C while the MoO3 boat and the substrate are 

positioned near its center. A continuous flow of N2 gas is utilized to transfer sulfur 

vapor from a boat closer to the furnace edge to the growth substrate. The substrate 

is held at the indicated temperature for sufficiently long time (∼10 min) for 

monolayer MoS2 formation and then cooled-down gradually. Further details can 

be found in.14 
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Chapter 3: Toward Ferroelectric Control of Monolayer MoS2  

 

The following is taken from an article published in Nano Letters and is presented 

here with the permission of Nano Letters. This collaborative work was performed 

by me and the following students and collaborators. 

 

Ariana E. Nguyen,1 Pankaj Sharma,2 Thomas Scott,2 Edwin Preciado,1 Velveth 
Klee,1 Dezheng Sun,3 I-Hsi (Daniel) Lu,1 David Barroso,1 SukHyun Kim,3 Vladimir 
Ya. Shur,4 Andrey R. Akhmatkhanov,4 Alexei Gruverman,*,2 Ludwig Bartels*,1 and 
Peter A. Dowben*,2 
 

1. Chemistry and Materials Science and Engineering Program, University 
of California, Riverside, California 92521, United States 

 
2. Department of Physics and Astronomy, Theodore Jorgensen Hall, 855 
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68588-0299, United States 

 
3. Columbia University, 3000 Broadway, New York, New York 10027-

6941, United States 
 
4. Institute of Natural Sciences, Ural Federal University, Ekaterinburg, 

620000, Russia 
 

 
3.1 Introduction  

Transition metal dichalcogenides MX2 (with M = Mo, W and X = S, Se, Te) 

monolayers have been fabricated into nanoscale transistors10, 48-54 that, by 

electrostatic gating, achieve high on–off ratios not shared by the gapless 

semiconductor graphene. Ferroelectric gating, similar to what has been reported 

in graphene-based55-58 and MoS2-based24 field effect transistors on various 
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ferroelectrics, are a potential route toward low power, nonvolatile two-dimensional 

(2D) metal dichalcogenide conduction channel transistors. For the development of 

such a nonvolatile ferroelectric gated transistor to have true impact, the fabrication 

should be scalable. This means fabrication not by transfer of the 2D film, but by 

growth “in place” that translates to large-scale manufacturing. One such approach 

is chemical vapor deposition (CVD) of the 2D conduction channel material directly 

onto the ferroelectric, but the growth must preserve ferroelectricity and the ability 

to retain a dipole as well as an interface charge. These are not small challenges 

as under ambient conditions, surface dipoles/interface charges are typically 

compensated by accumulation of ionic/dipolar species or through redistribution of 

mobile carriers in the bulk.59 This screening significantly affects the surface charge 

distribution/potential and additionally can result in band bending.60 

Here, we demonstrate the growth of high-quality single-layer MoS2 films 

directly onto periodically poled LiNbO3 (PPLN) substrates. We find a significant 

effect of the ferroelectric polarization on the growth and transport properties of the 

MoS2 films. The choice of lithium niobate (LiNbO3) as a ferroelectric substrate for 

this study was motivated by the fact that lithium niobate exhibits a ferroelectric 

transition temperature well above 1000 °C, thus preserving the ferroelectric 

domain structure during the deposition of the MoS2 film at a temperature of ∼700 

°C.61 Our lithium niobate substrates were cut perpendicular to the c- (polar) axis 

resulting in a surface of hexagonal symmetry and perpendicular polarization 

domains. 
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CVD growth of single-layer MoS2
12, 14, 15, 62, 63 has been demonstrated on 

SiO2 and a few other substrates. The resultant films exhibit optical and transport 

properties that rival those of mechanically exfoliated films. Single-layer MoS2, 

exfoliated or grown on SiO2/Si, typically shows characteristic n-doped transport.10, 

52, 64, 65 In most cases, an inversion of the MoS2 transport properties to p-type 

behavior, say through application of a sufficiently strong electrical field, has not 

been shown feasible except by the use of special materials such as ionic liquids.49, 

66 MoS2 on lithium niobate appears to be different. 

 

3.2 Results 

3.2.1 Optical Characterization of Monolayer MoS2 on PPLN 

We found enhanced MoS2 growth on the domains with polarization oriented 

“up” compared to domains with polarization oriented “down”. At low coverages of 

MoS2 deposition, we find the majority of the resultant MoS2 islands on up-domains 

of the periodically poled LiNbO3 substrate (the Supporting Information illustrates 

an example in Figure S5). More deposition led to the formation of a continuous 

MoS2 film on both up- and down-domains. Under some intermediate deposition 

conditions, we observed an almost continuous film on the up-domains and 

practically no film growth on the down domains, as illustrated in Figure 17. Figure 

14a shows an optical micrograph of an area where the MoS2 single-layer film 

(directly visible as brighter areas) follows the periodic polarization domain pattern 
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of the LiNbO3 substrate (indicated at the bottom of Figure 17a): areas with the 

substrate dipole moment pointing up out of the surface (up-domains) exhibit MoS2 

growth, while areas with down polarization (down-domains) support less or no 

growth. 

The preferential growth of MoS2 on the up-domains and absence on the 

down-domains is validated by mapping of the photoluminescence (PL) intensity of 

the A exciton at 1.86 eV photon energy (Figure 17b). The photoluminescence 

spectra obtained at 100 K on the MoS2 areas (Figure 17c) show the well-known A 

and B exciton peaks, confirming the growth of quality MoS2(0001) single-layer 

materials on this substrate. Because MoS2 is a direct bandgap semiconductor 

exclusively at the single-layer limit,4, 67, 68 the presence of bilayer or thicker films 

would result in a significantly reduced and spectrally shifted photoluminescence 

signal.4 The strong overlap between MoS2 and LiNbO3 vibrational modes makes 

Raman spectroscopy less useful. 

While not previously reported for any 2D material, the preferential growth of 

MoS2 on ferroelectric domains of a particular polarization has considerable 

precedence. Enhanced adsorption on one polarization domain of a ferroelectric 

over the opposite polarization has been reported previously69-78 for small 

molecules, viruses, and metals. The electrically switchable properties of the 

ferroelectrics can be used to tailor surface reactivity, yet the physicochemical 

mechanism of preferred adsorption on one polar surface is not conclusively 

understood. Inspection of the details of the surface composition of LiNbO3 as a 
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function of temperature38 indicates that the surface stoichiometry and arrangement 

of this material differs with polarization under our growth conditions/temperature. 

At elevated temperatures, as during MoS2 CVD growth, far greater evaporation of 

Li and especially oxygen has been observed from the up-domains than from the 

down-domains38 and thus should facilitate reduction of any ambient compensating 

charges. This could enhance the existence of free Nb or lithium frontier orbitals 

and an oxygen poor surface terminal layer for the up-domain compared to a down-

domain.79, 80 In the computational studies of poled LiNbO3 surfaces by both 

Levchenko and Rappe79 and Sanna et al.80 the up-domains exhibit less oxygen 

atoms at the terminal surface layer compared to the down-domain surface thereby 

facilitating the adsorption/anchoring and reduction of MoO3 during CVD growth. 

Preferential growth on one domain over the other is be mediated by surface 

chemistry, as has been speculated upon elsewhere.76 In the case of the preferred 

MoS2 growth on the up-domain surface, this is likely facilitated by the 

adsorption/anchoring and reduction of attachment of MoO3–x, thereby seeding 

MoS2 and leading to preferential growth on this domain. Such terminal layer site 

occupation79, 80 occurs despite the overall oxygen and lithium rich surface region 

of the up-domains compared to the negative or down-domain ferroelectric surface, 

as noted in both experiment38 and the theory of Levchenko and Rappe79 and 

Sanna et al.80 We caution that the surfaces of ferroelectrics are complicated and a 

detailed analysis of the surface composition under MoS2 growth conditions is 

experimentally well beyond the scope of this study. 



45 

 

3.2.2 Microscopy Characterization on Ferroelectric DomainsWe utilized 

piezoresponse force microscopy69, 81-84 to image ferroelectric domains on LiNbO3 

substrates, as seen in Figure 18. This method exploits as a contrast mechanism 

the fact that ferroelectric behavior implies piezoelectricity. Consequently, mapping 

the piezoelectric response of a material provides a direct image of its ferroelectric 

 
 

 

 
 
Figure 17. a) The optical micrograph shows preferential growth of single-layer 
MoS2 on LiNbO3 domains with a dipole moment pointing up out of the surface, 
as illustrated in the bottom; (b) spatial mapping of photoluminescence (PL) 
intensity (red) of a portion of panel a (same length scale) and (c) spectroscopy 
validates the single-layer character and quality of the MoS2 single layer film. 
When a continuous MoS2 film is grown on both ferroelectric domains, only a 
small difference of the PL yield results (d). 
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domain structure. We find that MoS2 monolayers preserve the surface dipoles, as 

seen in Figure 18. Piezoresponse force microscopy (PFM) and Kelvin probe force 

microscopy (KPFM) were conducted on a sample exhibiting isolated MoS2 islands, 

that is, a reduced CVD coverage compared to that of Figure 17, with growth on the 

up- and, to a lesser degree on the down-domains. At such MoS2 coverages, we 

observe that the MoS2 islands on the up-domain frequently touch the substrate 

domain boundary but generally do not span across the ferroelectric domain 

boundary into the adjacent ferroelectric polarization domains. The PFM phase 

image (Figure 18b) indicates the periodic ferroelectric domain stripes (here, darker 

contrast corresponds to up-domains and brighter contrast indicates down-

domains). The PFM amplitude image (Figure 18a) of the same area shows MoS2 

islands on ferroelectric up-domains as bright features meaning that the absolute 

value of the electric field, which generates the PFM signal at the MoS2/LiNbO3 

interface, is greater here than elsewhere. While ambient conditions generally lead 

to a suppression of the surface polarization charge, this effect is mitigated where 

the MoS2 islands cover the up-domains, similar to prior experiments on 

graphene.55, 56 In contrast, the PFM amplitude is reduced over the MoS2 islands 

on the down-domains. We can reconcile these two findings by invoking a 

chemically induced charge transfer from MoS2 to the LiNbO3 substrate whose 

direction (but not magnitude) is irrespective of the substrate polarization, that is, 

MoS2 donates electron charge to both the oxygen rich up domain surface and the 
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down domain surface.

 

Corroborating evidence of the induced MoS2/LiNbO3 charge transfer and 

ensuing dipole interactions originates from Kelvin probe force microscopy (KPFM) 

 

 
 

Figure 18. The PFM amplitude (a) and phase (b) images of the same area of 
the PPLN substrate covered with isolated single-layer MoS2 islands. Bright and 
dark contrast in (b) indicates down- and up-domains, respectively. In (a), the 
MoS2 islands enhance the amplitude of the piezoresponse signal on the up-
domains but suppress the force on the down-domains. (c) Kelvin probe force 
microscopy (KPFM) reveals a change in surface potential, by about 48-52 mV, 
at the location of single-layer MoS2 islands (dark spots) irrespective of the 
substrate polarization. The dashed line indicates a ferroelectric domain 
boundary. d) The cross-sectional profile taken along the red line in (c) indicates 
a change in surface potential across a MoS2 island. 
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data (Figure 18c,d).85 The KPFM image of Figure 18c shows two adjacent opposite 

(180°) ferroelectric polarization domains with the ferroelectric domain boundary 

running almost vertically through the image (indicated by dashed line; the 

Supporting Information section provides the corresponding PFM image as Figure 

S4). In each domain, isolated MoS2 islands appear as reduction of the surface 

potential (i.e., increase of the work function) irrespective of the surface polarization 

direction. The cross-sectional profile of the relative surface potential, shown in 

Figure 8d, reveals a reduction by ∼50 mV over the MoS2 islands. This local 

reduction in surface potential is consistent with the direction of a surface dipole 

that originates from electron transfer from the MoS2 islands to the substrate, as 

suggested by the PFM results of Figure 18a,b. 

 

3.2.3 Electrical Transport Measurements 

We note that the chemically induced dipole of the MoS2 on LiNbO3 

(independent of polarization direction) indicates sizable interaction across the 

interface. Yet the remnant surface polarization under the MoS2 film offers the 

possibility for affecting the overlayer transport properties through substrate 

polarization. 

We performed electrical transport measurements (Figure 19) on up-

domains (positive boundary charge) and down-domains (negative boundary 

charge). To this end, we fabricated Ti/Au contacts onto a continuous MoS2 film 
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spanning both substrate polarities. The transport was measured for a channel 

length between the contacts of 1 μm aligned with the domain stripes (vertical in 

Figure 19b). The photoluminescence spectra of Figure 17d were obtained on these 

ferroelectric domain stripes prior to contact fabrication with the red/blue spectrum 

corresponding to the electrode pair marked in the same color in Figure 9b. 

The current–voltage-measurements were conducted over a source-drain 

bias (Vsd) range of ±1 V resulting in currents (Isd) in the subnanoampere range 

consistent with typical measurements of MoS2 in the dark and in the absence of 

means for alleviating the impact of Schottky barriers.12 We applied an additional 

voltage (Vpol) of up to ±200 V by means of placing the LiNbO3 substrate on top of 

a biased metal plate. This is far less than the coercive voltage of the ferroelectric 

domains, so no domain reversal occurred and no hysteresis was observed. Figure 

9a shows the source-drain currents, Isd, for the MoS2 on both up- and down-

domains (measured at Vsd = −1 V) as a function of Vpol. The displayed currents, 

Isd, were corrected for leakage caused by the finite resistance of our substrate. The 

Supporting Information shows the raw data. 

The remnant surface polarization of the ferroelectric LiNbO3 substrate, 

under the continuous MoS2 film, offers opportunities for affecting the transport 

properties of the overlayer. Application of a negative Vpol, along the polarization 

axis, causes the LiNbO3 substrate to accumulate positive charge at its bottom 

surface and a negative interface charge at the top surface where the MoS2 film 

resides (schematic diagrams at the top of Figure 19). For an up-domain, this 
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reduces the positive boundary charge and thus reduces electron transfer from the 

MoS2 to the substrate. On a down-domain, the applied negative Vpol amplifies the 

negative boundary charge present from the ferroelectric polarization. This 

attenuates the electron transfer out of the MoS2 film, indicated by the KPFM 

measurements. For either substrate polarization domain, that is, either ferroelectric 

domain orientation, the application of a negative Vpol voltage increases the electron 

density remaining in the MoS2 and hence is likely to enhance the intrinsic n-doped 

character. This differs significantly from capacitive gating of a device, while 

capacitive effects on the channel are minimized by the thickness of the substrate 

compared to the channel length. 

The results of Figure 19 reflect the native n-type character of single-layer 

MoS2. With increasing magnitude of negative Vpol we observe higher currents, Isd, 

which is attributed to enhanced n-type carrier concentrations in the MoS2 single-

layer conduction channel (left side of Figure 16a). The result is that higher overall 

conductivities are reached on the down-domain (blue), where a negative boundary 

charge supports higher electron density in the MoS2 film in the first place. In 

contrast, on an up-domain the positive substrate boundary charge counters the 

effect of the applied Vpol voltage and reduces overall electron density in the MoS2 

film, similar to transistors fabricated with an organic semiconductor on a 

ferroelectric.86 

More interesting is the application of positive Vpol (right side of Figure 19a), 

which leads to an increase in positive charge at the top ferroelectric surface, and 
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in turn amplifies the electron transfer from the MoS2 film to the LiNbO3, induced by 

the MoS2/LiNbO3 interaction. As the MoS2 appears intrinsically n-doped, this 

reduces the number of its n-type carriers and, hence, reduces the source-drain 

current Isd. For the case of a down-domain, a positive Vpol is partially compensated 

by the domain polarization. Consequently, we find that positive Vpol has little effect 

on the electrical transport of MoS2 on the down-domain. However, transport 

between the electrode pair on the up-domain (red) goes through a minimum as 

Vpol reaches ∼80 V and steeply increases for higher Vpol. This suggests a change 

in the transport character of the MoS2 film from n-type to p-type. We attribute the 

change in the transport characteristics of the MoS2 film to a combination of 

polarization-independent electron transfer from MoS2 to LiNbO3 and the surface 

charge at the LiNbO3 positive domain interface, which is amplified by application 

of Vpol, but a role for interface defects in the transport properties cannot be 

completely excluded from the data available. 

The change of the MoS2 film conductivity by means of substrate polarization 

and applied voltage is readily reversible and we observed differences in Isd for up- 

and down-domains by a factor of >2 for a range of static gate voltages. The 2 μm 

width contacts, aligned with the domain stripes, are sufficiently narrow to restrict 

MoS2 transport to material on only one polarization domain, as validated by 

measurements of the conductance (diagonally) between electrodes on the up- and 

down-domains. 
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Figure 19. (a) Dependence of the corrected source-drain current Isd on an 
additional voltage Vpol applied to the bottom of the ferroelectric substrate. The 
red and blue traces correspond to measurement across the 1 μm gaps indicated 
in panel (b). The approximate location of the domain boundaries are denoted 
by blue lines. While the left (red) device shows moderate response to negative 
applied voltage (corresponding to extrinsic n-doping), it can be inverted for 
positive Vpol (extrinsic hole doping) at ~80 V; in contrast the right (blue) device 
shows higher current under negative Vpol but cannot be inverted effectively 
below Vpol = 200 V. The dashed lines are meant to guide the eye. The diagrams 
schematically illustrate the effect of the applied Vpol voltage to the bottom of the 
ferroelectric LiNbO3 substrate: the left (up) polarization domain corresponds to 
the left (red) device and vice versa.  
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While for technological application a substantial (i.e., larger than ×2) 

difference between the transport over up- and down-domains in the absence of an 

applied voltage is desirable, we wish to point out that in a future nonvolatile 

transistor based on reversible ferroelectric polarization of the substrate under the 

MoS2 channel, the ferroelectric interaction and not the applied “gate” voltages Vpol 

takes the role of the gate. Moreover, variation of the composition of the transition 

metal dichalcogenide and the ferroelectric substrate may lead to a material 

combination that requires a Vpol only for changing the polarization of the 

ferroelectric material (write operation) but not for transistor conductance (read 

operation). Nonvolatile gating by reversible ferroelectric polarization has been 

observed for p-type organic semiconductors on ferroelectrics86-92 and MoS2 top 

gated by the organic ferroelectric polyvinylidene fluoride with trifluoroethylene 

(PVDF-TrFE).24 The combination of a ferroelectric gate with a suitable metal 

dichalcogenides could lead to nonvolatile transistors with appreciably higher 

mobilities. 

Our transfer-free approach to ferroelectric gated MoS2 transistors utilizes 

exclusively scalable processing techniques and hence has the potential serve as 

the foundation for large scale device development. In this context we note that 

while the coercive voltage in this study is high, much smaller ones are obtained for 

thin film ferroelectrics.24, 86, 93 Also submicron ferroelectric domains in LiNbO3 are 

known,81-83 so that much smaller ferroelectric domain pattering of MoS2 device 

structures are certainly within the realms of the possible. We hope that our 
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observations will spark consideration of transition metal dichalcogenide films on 

switchable ferroelectric substrate as active elements in future nonvolatile 

microelectronic architectures. 

 

3.3 Methods 

3.3.1 Substrate Preparation 

Complete fabrication and characterization details are given in the 

Supporting Information. Briefly, as substrates we used 5 × 5 × 0.5 mm3 plane-

parallel plates (Supporting Information, Figure S2) of lithium niobate of congruent 

composition with a periodic domain pattern (period of 12–16 μm) made by several 

approaches. The periodic domain pattern was prepared in the majority of the 

samples by application of 10 kV to 3 in. LiNbO3 wafer (0.5 mm thick) using liquid 

electrodes of saturated aqueous LiCl.36, 37 The c+ polar (Z+) surface was covered 

by a lithographic photoresist pattern whereas the c-polar (Z−) surface was 

contacted by a continuous liquid electrode, and the photoresist pattern was 

removed after the poling process by dimethyl sulfoxide and oxygen-plasma dry 

etching, leaving behind a bare ferroelectric surface. As a results, the lithium 

niobate substrates exhibit periodic domain stripes of antiparallel 180° ferroelectric 

domains with spontaneous polarization, oriented either upward or downward along 

the surface normal. The characteristic dimensions of the domain patterns 

(Supporting Information, Figure S3) were measured in ambient environment by 
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means of piezoresponse force microscopy (PFM).69, 81-84 The various approaches 

to the fabrication of the periodic domain pattern were seen to affect the surface 

morphology but without any other significant difference in the results reported here. 

 

3.3.2 CVD Growth of MoS2 

MoS2(0001) monolayer thin film growth on the periodically poled lithium 

niobate proceeded as described in ref 11. We used alumina boats containing 

elemental sulfur and MoO3 powder as sources of sulfur and molybdenum, 

respectively. The boats were placed at different positions in a quartz process 

tube and inserted into a tube furnace. The comparatively small substrate was 

supported by means of a molybdenum mesh on the edge of the MoO3-containing 

alumina boat (See figure 4). The sulfur vapor from the upstream sulfur boat 

passed over the sample, aided by an N2 carrier gas. Heating of the furnace to 

650–700 °C at the MoO3 boat position and slow cool-down yielded films with a 

range of MoS2 coverages from single-layer films to isolated MoS2 islands, 

depending on the growth temperature and duration. The growth MoS2 overlayers, 

up to single-layer films under our conditions, was seen to preserve the 

ferroelectric domain pattern of the LiNbO3 substrate. 
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3.3.3 Device FabricationFollowing optical characterization on the substrate, an 

MMA EL9 /PMMA A4 resist stack was exposed by a Leo SUPRA 55 electron 

microscope equipped for electron beam lithography. We deposited a pattern of 

2nm Ti covered by 65nm Au electrical contacts by electron beam evaporation 

(Temescal BJD 1800) for transport measurements on the MoS2 single-layer film. 

Our process is optimized to be benign to the MoS2 overlayer, as validated by the 

absence of significant degradation of the photoluminescence yield. The 

photoluminescence of the film essentially remains unchanged before and after 

device fabrication. 

 

 

3.3.4 Measurement Process 

Transport measurements were conducted on a probe station under ambient 

conditions using a Keithley 2400 source meter to acquire current – voltage I(V) 

curves at constant poling voltages. Our measurements were in the absence of 

sample illumination to avoid a photoconductive response. We obtained the I(V) 

curves in the range of ±1 V between the source and drain electrodes. Poling 

voltages of ±10 V, ±20 V, ±40 V, ±80 V, ±120 V, ±150 V, and  ±200 V were applied 

to the metallic support of the substrate. The change of the MoS2 film conductivity 

by means of substrate polarization and applied voltage is readily reversible; at 

each absolute value of the poling voltage we first measured and I(V) curve under 

positive poling voltage polarity and then using negative polarity before increasing 
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the absolute value of the applied poling voltage to the next value. The 

measurements have been repeated several times without hysteresis. All voltages 

applied were much less than the ferroelectric coercive voltage.  

Because of the high poling voltages of up to ±200V, we observe leakage 

through the ferroelectric LiNbO3 substrate on the sub-nanoampere scale. The raw 

data are shown in the supporting information for the left (red) and right (blue) 

electrode pair of the article. For further data evaluation we removed Ileak from each 

I(V)-trace.  We note that the assumptions of a leakage current Ileak ≈ Isd(Vsd = 0V) 

is a simplification that may overshadow additional effects. The most 

straightforward concern, heating of the junction through the leakage current, can 

be ruled out given the low leakage power (< 1 μW) distributed across the entire 

contact/film area. The offset current in our measurement without applied poling 

voltage was <10 pA.  
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Chapter 4: Outlook 

  

 

 Scientists are exploring various device structures and novel materials in 

the hopes that Moore’s Law can be preserved. 2D TMDs, which are 

semiconducting at only three atomic layers thick, could possibly be the answer. 

Although there are other 2D materials being studied with qualifying transport 

properties such as graphene, TMDs wield the distinct advantage of having a 

native ON state and an OFF state. The investigation of MoS2 in this study is 

primitive relative to the potential for integrating TMDs into future applications. 

There are still many TMDs and heterostructures that can be explored in 

conjunction with continued improvements in device architecture.  

Our methods of seeding are the beginning of locally depositing the TMD 

material at desired locations for vertical channels in transistors. Our work in 

Chapter 2 solely focused on micron-scaled crystallites and Chapter 3 had films of 

hundreds of microns. Ultimately, to apply these materials, we would need a much 

larger area of single-crystalline TMD film. One major issue that we ran into while 

growing our material was having single-crystalline monolayer material without 

grain boundaries. Compared to other studies, our work in Chapter 2 provided a 

seeding method with monolayer material and minimal grain boundaries (as seen 

in figure 14b and figure 16). The maximum temperature (Tmax) and hold time at 

the Tmax during the growth process is crucial in determining the growth 

morphology and layer number. We varied the hole diameter as well as the pitch 
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of the holes and found a diameter of 2 µm and a pitch of 7 µm provided the 

highest density of monolayer growth with minimal grain boundaries. During our 

attempts with holes of different parameters, islands merged together during the 

synthesis forming multilayer growth and grain boundaries.  

Grain boundaries have been known to affect the conductivity and the 

mobility of TMD materials. This could be one of the reasons our device in 

Chapter 3 had low conductivity for the MoS2 film. Optically observing grain 

boundaries is not an easy task. One would need to employ various techniques 

such as AFM, SEM, and transmission electron microscopy (TEM). However, 

SEM and TEM are both destructive techniques for the TMD films. The MoS2 film 

is nearly the same color as the substrate in figure 19b. Ideally, one would want to 

observe where the grain boundaries are prior to making devices or eliminate 

having grain boundaries overall. Observing the TMD film on the PPLN substrate 

alone was already optically difficult and in addition, PL mapping was necessary 

to determine the film location on the various domains. However, this technique 

did not allow us to find any grain boundaries. The device can also be improved 

by having a much thinner underlying LiNbO3 with only up domains that would 

require a lower Vpol for accessing both the n- and p-regime.   

The potential for this material can be further investigated by creating 

heterostructures, developing a technique for growth of the material without 

bilayer or multilayer, and developing a technique for much larger areas of 

production. Further opportunities to understand and improve these materials 
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could result in a great advancement in the semiconductor industry for yielding 

transistors that are significantly smaller.  
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Chapter 5: Summary  

 

 Our work in this dissertation employed two different techniques to seed 

MoS2 growth utilizing the substrate. The first method in Chapter 2 demonstrated 

an avenue for locally seeding the CVD growth of MoS2 at pre-determined 

locations utilizing patterned substrates. These lithographically pre-patterned 

substrates had holes of ∅=2 μm and a pitch of 7 µm. This method, proven by the 

Raman modes and the PL of each individually seeded island, displays the 

feasibility of locally seeding monolayer TMD growth of high-quality. The Raman 

spectra show the characteristic Raman modes indicative of monolayer material. 

The PL mapping and PL spectrum confirms a peak at 1.86 eV. The second 

method for seeding MoS2 growth is presented in Chapter 3 by utilizing PPLN. 

Heating of the PPLN substrate at elevated temperatures of 650°C -700°C during 

the growth process allowed for a surface chemistry alteration in the domains of 

the LiNbO3 permitting the absorption of our TMD precursor onto the polar surface 

of the up domains. PFM confirmed that the substrate polarization pattern is 

maintained at the elevated furnace temperatures. CVD growth of monolayer 

MoS2 is possible onto PPLN. Electrical transport measurements display 

ambipolar behavior from n-type to p-type on a ferroelectric substrate under the 

application of an external poling voltage. Both methods of seeding the growth of 

MoS2 can lead to scalable devices circumventing the need of exfoliation and 

transfer.  
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