
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Sina Najmaei 

[06/07/2014] 





 ii 

ABSTRACT 

Synthesis and Defect Engineering in Molybdenum 

Disulfide (MoS2) Atomic layers 

 by 

Sina Najmaei 

The unique physical properties of two-dimensional (2D) molybdenum disulfide (MoS2) 

and its promising applications in future optoelectronics have motivated an extensive 

study of its physical properties. However, a major limiting factor in investigation of 2D 

MoS2 is its large area and high quality preparation. The existence of various types of 

defects in 2D MoS2 makes the characterization of defect types and understanding their 

roles in the physical properties of this material critically important.  

 

In this dissertation, I will examine synthetic approaches for preparation of 2D MoS2 and 

the understanding of defect types and role in its electronic and optical properties. First I 

will examine the research efforts in understanding exfoliation, direct sulfurization, and 

chemical vapour deposition (CVD) of MoS2 monolayers as main approaches for 

preparation of such atomic layers. Recognizing that a natural consequence of the 

synthetic approaches is the addition of sources of defects, I will initially focus on 

identifying these imperfections with intrinsic and extrinsic origins. I will reveal the 

predominant types of point and grain boundary defects in the crystal structure of 

polycrystalline MoS2 using transmission electron microscopy (TEM), and understand 

how they modify the electronic band structure of this material using first principles-

calculations. The observations and calculations reveal the main types of vacancy-defects, 

substitutional-defects, and dislocation cores at the grain boundaries of MoS2. Since the 

sources of defects in two-dimensional atomic layers can, in principle, be controlled and 

studied with more precision as compared to its bulk counterparts, understanding their 

roles in the physical properties of this material may provide opportunities for their 
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property modulation. Therefore, I next examined the general electronic properties of 

single crystalline 2D MoS2 and study the role of grain boundaries in the electrical 

transport and photoluminescence properties of its polycrystalline counterparts. These 

results reveal the important role played by point defects and grain boundaries in affecting 

charge carrier mobility and excitonic properties of these atomic layers.  

 

In addition to the intrinsic defects, growth process induced substrate impurities and strain 

induced band structure perturbations are revealed as major sources of disorders in CVD 

grown 2D MoS2. I further explore substrate defects for modification and control of 

electronic and optical properties of 2D MoS2 through interface engineering. Self-

assembled monolayer based interface modification, as a versatile technique adaptable to 

different conventional and flexible substrates, is used to promote significant tunability in 

the key MoS2 field-effect device parameters. This approach provides a powerful tool for 

modification of native substrate defect characteristics and allows for a wide range of 

property modulations. The results signify the role of intrinsic and extrinsic defects in the 

physical properties of MoS2 and unveil strategies that can utilize these characteristics.  
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Chapter 1 

Introduction 

The technological advancements in semiconducting technologies and demands for 

materials with unique physical properties have opened new avenues in materials research. 

Development of thin materials is a requirement for conventional field-effect based 

applications that allow for overcome of short channel effects imposed in small scale 

transistors. This demand has motivated the study of graphite as a layered material that 

can be cleaved down to single-atomic layers. The study of confinement effects in graphite 

single layers, known as graphene, also revealed fascinating physics in these regimes1-3. 

The absence of a bandgap in the electronic structure of graphene and the challenges with 

creating a gap in this material has lead the scientific community in exploring the rich 

class of transition metal dichalcogenides (TMDs) as an alternative.  

 

Molybdenum disulfide (MoS2) monolayers, a member of TMD family, have recently 

been extensively studied for their unique physical and chemical characteristics4. The field 

effect electronic properties, thickness dependent band structure, light emitting, and spin 

coupling properties of this material have motivated an immense effort in understanding of 

its physical and chemical properties4-11. Additionally, MoS2 atomic layers have shown 

attractive tunability in many of their physical properties that hold great promises in future 

electronic and optics7, 12-14. However, a bottleneck in fully exploring MoS2 properties and 
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potential applications has been its large-area and high-quality synthesis. As a result of the 

growing interest in understanding the unique physics of MoS2 as a two dimensionally 

confined layered material, study of its synthetic process and defect characterization have 

become a center point in this research area15-18. 

 

The layered properties of MoS2 with strong in-plane bonds and weak out-of-plane van 

der Waals interactions between layers enable them to be exfoliated into 2D crystals. This 

property has inspired many scientists to seek thin flakes of these layered materials 

through peeling the layers using a variety of techniques. Such attempts date back more 

than 35 years. D. W. Murphy and G.W. Hull Jr. used electrolytic intercalation of 

hydrogen and water to exfoliate Tantalum disulfide (TaS2)
19. C. Liu and co-works 

exfoliated TaS2 and NbS2 using similar method, in 198420. P. Joensen et al. reported the 

first exfoliation of semiconducting layered compound MoS2 with the help of intercalation 

of lithium between MoS2 layers in 198621. A resurgence of interest in 2D TMD crystals 

mostly investigating the electronics and optics of these materials require better sample 

preparation. Successful studies on mechanically exfoliation graphene by Geim et al. 

showed a straight forward path towards sample preparation3 and this technique has been 

successfully applied for a variety of 2D TMDs. Despite their high quality, from a 

structural point of view, the limitations in size make the task of mechanical exfoliation 

daunting for applications and even large scale research. Modification of this process with 

pre-patterning approaches and better control of its large area production have shown 

future promise that require further exploration22.  

 

A similar top down approach, explored by J. N. Coleman and his colleagues, made great 

improvement in preparing large quantities of the 2D materials by liquid exfoliation in 

common solvents23. The key parameter for successful exfoliation was determined to be 

the surface tension of the solvent which will determine whether the energy of exfoliation 

can be minimized. This approach is superior to the mechanical exfoliation approaches as 

it can be used to produce gram scale materials. Several groups have utilized liquid 

exfoliation in preparation of materials for large scale application and large area devices. 

However, the limitations in robust control of crystal size and thickness in exfoliation 



 3 

approaches have motivated the development of synthetic approaches for these layered 

materials.  

 

A straightforward approach to the preparation of TMD thin films relies on direct reaction 

between transition metal containing films and chalcogenides16, 17. Early examples of such 

approach, utilize sputtering techniques to deposit thin films of transition metal containing 

films and their solid state reaction with vapour phase chalcogenides15, 18, 24. The growth 

mechanism and morphology of these relatively thick TMDs show significant dependence 

on the precursor types, substrates, and reaction temperatures. These experiments and 

findings are the basis for more recent developments in few layered synthesis of TMDs.  

 

The long time effort and success with the chemical vapor deposition (CVD) of graphene 

has motivated the development of similar approaches for growth of TMD atomic layers. 

However, the tremendous differences between these species and graphene in every aspect 

of growth have consequently resulted in a different outlook in this area. Like graphene, 

TMDs show instability against folding and form nested fullerene and inorganic nanotube 

allotropes25. This has widely been explored in MoS2 and Feldman et al. took advantage of 

the relatively low sublimation temperate of MoO3-x, and studied the growth process of 

these allotropes26. These experiments indicate a major role and importance for a specific 

turbulent flow regime in the growth process of the material and reveal the different 

phases involved27. Later studies by Weber et al. outlined, more elaborately, the basic 

reaction steps in the vapour phase growth of MoS2 and important role of hydrogen in 

catalyzing the reaction steps27. These findings paved the way for understanding the 

vapour phase reaction and intermediate steps in formation of MoS2 as an example of 

TMDs.  

 

Every synthetic approach for preparation of materials entail certain level of defect 

formation, as a result understanding the disorder characteristics and their role is essential 

to utilization of these materials in real world applications.  Additionally, the confinement 

of charge carriers and excitons in the two-dimensional (2D) materials results in unique 

physical properties and has reshaped our conventional understanding of the roles of 
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defects. For instance the dominance of new scattering sources, such as interface defects 

and surface optical phonons, in electronic and optical behaviors of the 2D materials 

should be taken into account28-31. Since these properties as well as the structural intrinsic 

defects in 2D materials are in principle more controllable, one could potentially exploit 

them systematically to design strategies for material property modifications32, 33. 

 

The study of electrical properties of MoS2 by Fivaz et al, aimed at understanding the role 

of lattice potential anisotropy in the electrical transport properties of layered materials34, 

35. Through these studies two major discoveries about MoS2 and several other layered 

materials were made. Fivaz et al, showed how the pronounced structural anisotropy in 

MoS2 results in localization of charge carriers in individual layers hence behaving as if 

moving in a stack of independent layers34. It was also revealed that this anisotropy is 

accompanied by strong interactions between the charge carrier and the vertically 

polarized optical phonons. As a result of these strong interactions, most layered materials 

of this kind resulting in low room temperature mobilities.  

 

Despite the limited experimental examination of the point defects, recent observations 

suggest a fundamentally important role for them in the physical properties of TMDs. For 

instance, Qiu et al. argue that point defects of Vs and VS2 type are abundant in even 

natural crystals of MoS2 and result in a hopping transport behavior between localized 

states at low temperatures30. These experiments find a consistent relationship between the 

point defects density, measured using electron microscopy, and the localization effects in 

the Anderson model describing the hopping transport at low temperatures and its 

activated behavior at higher temperatures. Despite its success in explaining the transport 

behavior of this material, alternative hypothesis about the source of localizations seem to 

be equally valid for the hopping and activated electronic transport in MoS2. Ghatak et al. 

hypothesized that the known substrate defects can stem the localizations in the band 

structure of MoS2 and can describe the observed transport behavior31.  

 

The role of grain boundaries, as another major source of disorder in polycrystalline 

MoS2, in the transport properties of TMDs shows major significance. The work by van 
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der Zande et al, describes two distinctive transport behaviors for two common MoS2 

grain boundary types, tilt and 180o twin boundaries24. These results show that while twin 

grain boundaries do not perturb the transport, the tilt boundaries mitigate the electronic 

transport characteristics. These preliminary results are short of explaining the source of 

scattering mechanisms and further examinations are needed to explain the observed 

behavior. Nevertheless, these distinctive behaviors of grain boundaries are also seen in 

the optical excitonic transitions at these sites. While 180o twin boundaries show a 50% 

quenching in intensity tilt grain boundaries show a 100% enhancement24. These effects 

where explained through the distinct doping effects of these boundaries. It has been 

shown that charge carrier densities strongly modify the photoluminescence intensity in 

MoS2
7. However these assumptions are not sufficient in providing a complete explanation 

for the observed behaviors. The local doping effects of grain boundaries do not extend 

much in the material and the observed large area changes in the vicinity of the grain 

boundaries require further examination. Nevertheless, these studies provide a robust 

approach to identification of grain boundaries in these atomic layers.  

 

In a related study Tongay et al. examined the role of point defects in the 

photoluminescence properties of TMDs by intentionally changing their density in natural 

crystals36. This study showed that, in contrast to bulk crystals, introduction of defects in 

the structure of TMDs tends to enhance their photoluminescence. They explain this by 

examining the interactions between the defects and the environment. As the defect 

density is increased the vacuum versus nitrogen environment measurements show 

drastically different PL characteristics. It appears that the existence of nitrogen in the 

environment is essential to the defect mediated enhancement of the PL. This is explained 

by the interactions between nitrogen molecules and MoS2, mediated by the sulfur 

vacancies. Calculations show that these defects result in physical absorption of nitrogen 

molecules and channel the charge from TMD to the interface. The resulting charge 

transfer and depletion of TMDs, as the density of defects increases, results in lower 

availability of electrons for interaction with excitons and formation of trions. It is known 

that this results in an enhancement in the PL of the material and adds to our 

understanding of the observed behaviors at higher density defect sites7. These effects can 
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be utilized as an effective approach to modify the physical properties of these materials or 

explain some of the unconventional changes seen in CVD TMDs. These results can also 

be related to the effects observed at the grain boundary sites.  

 

In this thesis, I will discuss my efforts in the development of material preparation 

techniques for MoS2 atomic layers with an emphasis on the defect characteristics of the 

products. By examining the role of defects in physical properties of 2D MoS2, we reveal 

their importance from a material synthesis point of view. We further utilize our acquired 

knowledge to propose and implement defect engineering strategies to control material 

properties in two dimensional systems. 
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Chapter 2 

MoS2 Synthesis & Preparation  

 

2.1 Mechanical Exfoliation of Molybdenum Disulfide; the Role of 

Substrate in the Process of Exfoliation  

The research on two-dimensional (2D) material, molybdenum disulfide (MoS2), has 

recently gained immense attention due to its captivating physical properties. MoS2 is a 

layered material and its atomic layers can be easily cleaved and isolated down to one 

layer. Recently, the attractive electrical and optical properties of few layered MoS2 have 

provoked a more widespread research on this material for a variety of applications. This 

also includes development of new approaches for synthesis and preparation of their high 

quality few layered samples. Exfoliation techniques are a commonplace top down 

approach for preparation of high quality thin flakes of such layered materials and have 

been explored widely. These approaches which typically include liquid and mechanical 

exfoliation, in their present form, are not reliable techniques for large scale preparation of 

the material for many applications.  

 

Mechanical exfoliation typically entails low yield and lack of uniformity in thickness and 

size. In contrast chemical exfoliation results in uniform but small sized flakes 

accompanied with ample organic contaminations. However, because of the high quality 

of natural crystals and the superb electrical and optical performance of the samples 

acquired from these approaches pursuit and understanding the process and ways for its 

enhancement are valuable. In this chapter we examine the role of substrate on the 
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mechanical exfoliation method and explore the ways for utilization of its properties for 

enhancement of the process.  We demonstrate that in addition to the enhanced adhesion 

properties of PMMA the intensification of stress concentration at the point of contact can 

assist the process for higher yield and larger flake sizes.  

  

To examine the role of substrate in exfoliation of MoS2 we compare the sample 

properties such as coverage and flake sizes made on hard (silicon oxide/ silicon Si/SiO2) 

substrates and soft (PMMA). For these experiments silicon substrates of approximately 

1.5 cm2, were thoroughly cleaned by sonication in acetone and isopropyl alcohol (IPA) 

and air dried and baked at 200C for 4 minutes. Half were then spin coated with PMMA at 

6000 rpm for 45 seconds and baked at 180°C for 2 minutes.  The substrates were 

arranged into pairs of PMMA covered and bare SiO2/Si.  The MoS2 was exfoliated onto 

these pairs in a randomized fashion in alternated order such that each pair was exposed to 

the same amount of MoS2 covered scotch tape. Each sample was then carefully scanned 

with an optical microscope and thin samples of less than 5 layers were identified and 

counted. It is known that the optical contrast between silicon dioxide substrates and 

dichalcogenide materials increase as the number of layers increase and providing a means 

for isolating single and few layered samples37. A typical optical image representing the 

differences between the two substrate is presented in Figure 2.1.1 a and b.  We further 

use Raman spectroscopy to determine the number of layers in the samples with 

thicknesses below 5 layers Figure 2.1.1 c. The image processing involved counting the 

exfoliated samples present on each substrate, calculating the total area of exfoliated 

samples, and finally comparing the area’s of the few- and multi-layered samples on these 

two types of substrates. Using student t-test for independent samples the two groups were 

compared statistically. These results show that exfoliation on PMMA substrates yield 

more few-layered samples with increased area, as compared to bare SiO2/Si substrates.  

These results as summarized in the box plots presented in Figure 2.1.2a and 2.1.2b show 

the benefits in exfoliation onto PMMA coated substrates as compared to Si/SiO2.     
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Figure 2.1.1: Mechanical exfoliation onto a) bare SiO2 and b) PMMA substrates c) 

Raman spectrum acquired from three different point in figures a and b. 

 

These results in addition to unpaired student t-test reveals a significant, with 95% percent 

confidence, statistical enhancement in the yield and area of exfoliated thin samples as the 

SiO2/Si substrate is substituted by PMMA coated substrates. To elucidate the reasons for 

such effects, we measured and compared the adhesion between the two types of substrate 

materials and MoS2. To do this, Atomic Force Microscopy was applied to quantify the 

adhesion between PMMA tips and mechanically exfoliated MoS2 flakes and compare 

with similar measurements for silicon tips. In these experiments, we prepared and used 

several PMMA and contact mode silicon tips (0.2N/m) using PMMA microspheres, ~10 

microns in diameter, obtained form Cospheric LLC, and calibrated using the 

conventional reference cantilever method. The preparation of the PMMA tips involves 

the transfer of PMMA spheres to typical silicon cantilever that is partially coated with 

epoxy. After few hours of allowing for the epoxy to fully dry the tips were calibrated and 

used for the measurements. These results, shown in Figure 2.1.2c, reveal that the 

adhesions between MoS2 flakes and the tip are increased roughly 3 folds from silicon to 

PMMA. This enhancement is roughly similar in single to three layered samples. These 

adhesion measurements can be influenced by interfacial contact properties of these flakes 

and the underlying SiO2/Si substrate. To exclude these effects we measured and 

compared the load dependency of the adhesion measurements in both types of tips. These 

results, as expected show a small load dependency in the measured values for the silicon 

tips. In case of PMMA tips the load dependency was also insignificant for thinner 

samples but a consistent increase in adhesion was observed as the load increased in bulk 
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samples Figure 2.1.2 d. We tested the Raman spectrum of the tips before and after the 

experiment showing that MoS2 has not been pealed off or attached to the tips trough out 

the experiment. These adhesion properties explain, by part, the enhanced exfoliation 

properties on thin samples and it can be inferred that due to the better adhesion between 

MoS2 and PMMA more samples successfully peal and form sheets on these substrates. 

However, better understanding of other mechanisms involved that results in thinner 

samples on soft substrates requires more assessment.  

 

Figure 2.1.2: a) The comparison between exfoliation on SiO2 and PMMA a) number of 

samples with number of layers less than 5 layers on SiO2 and PMMA substrates.  b) 

average area of exfoliated samples on SiO2 and PMMA. c) Adhesion between MoS2 with 

varied number of layers and silicon and PMMA tips d) The load dependency in 

measurements of adhesion between PMMA tips and MoS2. 
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We next develop a two-dimensional finite element (FE) model for the interfacial peeling 

experiments, as schematically shown in Figure 2.1.3 a, to acquire more insight into the 

process and the role of substrate. The model consists of a top and bottom substrate 

sandwiching 20 layers of MoS2 between them, the thickness of each layer is 0.6 nm. The 

top substrate is a piece of scotch tape (polymer material) with one end peeling up, and the 

bottom substrate is either silicon or PMMA substrate. The interaction between the MoS2 

layers is described by a cohesive model. The discretized FE models have about 5140 

nodes and 4900 elements with very fine meshes in MoS2 region. The final mesh density 

was determined through a series of convergence studies. 

 

 

Figure 2.1.3:  FEA model describing the exfoliation process. a) MoS2 peeling model 

consisting of  four parts: top part (tape), substrate, and  MoS2 multilayers, and cohesive 

zone between MoS2 layers. b) parameters used in this model 

 

Appropriate boundary conditions were used along the bottom edge and displacements 

were prescribed at the top edge of the specimen to simulate the load applied during 

testing. The interface between MoS2 layers was modeled using cohesive elements. Crack 

initiation and propagation along the interfaces were described by a distinctive bilinear 

traction-separation law. For the propagation of a steady-state crack front, only the critical 

strain energy GIc is required and hence the maximum separation stress  and cohesive 

zone length δc can be adjusted. Given the work of fracture GIc, and maximum separation 

stress σmax, the cohesive zone length is defined as 
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2
maxσ

ICEG
δc=  (2.1.1) 

 

where E is the Young’s modulus of MoS2 layers. To properly model crack growth in a 

finite-element/cohesive-zone model, the numerical mesh must be several times smaller 

than the characteristic cohesive zone length. In our calculations, the mesh size is five 

times smaller than the cohesive zone length. The calculations were performed using the 

commercial finite element package ABAQUS 6.10 version. The material properties and 

parameters for cohesive zone model used in the calculation are listed in Figure 2.1.3 b. 

 

The peeling of MoS2 multilayers from silicon substrate was first examined using the 

finite element model, and the results are shown in Figure 2.1.4 a and b. Here, the 

Young’s  modulus of silicon substrate (E=180 GPa) is nearly two orders of magnitude 

larger than that of  the polymer tape. As can be observed during the simulation Figure 

2.1.4. b, the crack was initiated first at the interface of the MoS2 layers close to the tape. 

Therefore, when peeling from the substrate, thicker MoS2 layers will stay on the 

substrate. We then replicated the peeling of MoS2 multipliers from PMMA substrate. In 

this case, the Young’s Modulus of PMMA E=3 Gpa was used, which is the same as that 

of the tape. The cracks was observed to initiate and propagate simultaneously along two 

interfaces in the MoS2 multipliers. One interface is close to the tape while the other is 

close to PMMA substrate. Thus, when separating, the interfacial cracks tend to propagate 

in these two interfaces. It is possible that in addition to a single layer, a few layers would 

stay on the soft substrate after the peeling as well. From the simulations for Silicon and 

PMMA substrate, it apears that substrate modulus play a vital role in crack initiation and 

growth. To comfirm this point, we furthere simulated the peeling of MoS2 multipliers 

from the substrate with different valuses of Young’s modulus. In the extereme case of 

softer substrates as compared to the tape (e.g, E=0.01, The crack initiates and propagated 

at the interface between the MoS2 layer  close to substrate Figure 2.1.4 e and f. Thus, 

separation occurs at the interface close to the softer substrate, leaving mostly single layers 

and few layers on the substrate.  We conlcude that the tape to substrate moduli ratio plays 

a key role in determination of crack initiation and propagation in the exfoliation process. 
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This phenomenon may be attributed to the deformation properties of substrate which is 

much larger in the softer substrates. This large deformation causes higher stress 

concentration on the MoS2 layers close to the soft substrate. As a results, cracks are more 

likely to initiate and grow within MoS2 layers close to the softer substrate.  The high 

stress concentration on the MoS2 layers close to soft substreate has been observed in our 

simulation (Figures 2.1.4 a-f). Thus, the Young’s Modulus of the substrate is critical to 

obtaining thinner MoS2 layers in the peeling technique and it is more likely to botain 

thinner layers if the substrate is softer than the tape. 

  

 

Figure 2.1.4:  Snapshots of FEA simulation of MoS2 peeling from different substrates a) 

before crack initiation, and b) after crack initiation. At first crack initiated and grew 

between the MoS2 layers close to the tape. Snapshots of FEA simulation of MoS2 peeling 

from PMMA substrate: c) before crack initiation, and d) after crack initiation. Two cracks 

initiated and grew in the MoS2 layers close to the tape and PMMA substrate. Snapshots 
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of  simulation of MoS2 peeling on ultra-soft substrate (E = 0.01 Gpa): e) before crack 

initiation, and f) After crack initiation, the first crack initiated and grew between the  

MoS2 layers close to ultra-soft material substrate 

 

In summary, we examine the role of substrate in exfoliation process of MoS2 atomic 

layers and demonstrte that this parameter can be utilized to enhance the process in a 

systematic way. For this we examine the exfoliation on hard SiO2 substrates and soft 

PMMA. We explain that the enhanced adhison properties of PMMA substarte by 3 times 

and stress concetartion effects can explain the better exfoliation proepties of soft 

substrates. We furthure model the pealing process and elucidate the role of substrate in 

more detail. We summerize these effects by focusing on the tape to substrate moduli 

ratio, K=Etape/Esubstrate, and its role on the crack inititiation  and propagation.  We show 

that for K  > 2, peeling is more likely to occur near the substrate. In the case of K < 0.3, 

peeling takes place near the scotch tape and for   0.3 < K < 2,  a transition zone, in which 

a mixed peeling mode close to both substrate and tape is equally possible is observed.  

These results demonstrate that the pealing process of mechnical exfoliation can be 

significantly enhanced by a carefull choice of substrate. 

 

2.2 Large Area Vapor Phase Growth and Characterization of MoS2 

Atomic Layers on SiO2 Substrate  

Recent attempts to produce MoS2 layers via chemical and mechanical exfoliation of bulk 

material often involve challenges due to the limited control over size and thickness of the 

products. Other methods including hydrothermal methods that have been employed to 

synthesize MoS2 nanosheet have similar limitations.38-40 Therefore, large area 

synthesis of monolayer and few-layer MoS2 that is compatible with current micro- or 

nano-fabrication processes will greatly facilitate the integration of this fascinating 

material into future device applications.41 In this chapter we demonstrate the large area 

growth of MoS2 atomic layers on SiO2 substrates by a scalable sulfuarization method. 

The as-prepared samples can either be readily utilized for further device fabrication or be 

easily released from SiO2 and transferred to arbitrary substrates. High resolution 
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transmission electron microscopy and Raman spectroscopy on the as grown films of 

MoS2 indicate that the number of layers range from single layer to a few layers.  

 

The work presented in this chapter is based on the following publication 

1. Zhan, Y.; Liu, Z.; Najmaei, S.; Ajayan, P. M.; Lou, J. Small 2012, 8, (7), 966-971. 

As illustrated in Figure 2.2.1 a, thin layer of Mo (typical thickness 1 ~ 5 nm) were pre-

deposited on SiO2/Si by e-beam evaporation at a rate of ~0.1A/s. In a typical procedure, 

samples (Mo thin films deposited on SiO2 substrates) placed in a ceramic boat were 

placed in the center of a tube furnace (Lindberg, Blue M, quartz tube). Another ceramic 

boat holding pure sulfur (1-2g, Fisher Scientific, USP grade) was placed in the upwind 

low temperature zone in the quartz tube. During the reaction, the temperature in the low 

temperature zone were controlled to be a little above the melting point of sulfur (113oC). 

The quartz tube was first kept in a flowing protective atmosphere of high purity N2, the 

flow rate of which was set at 150-200 sccm. After 15 minutes of N2 purging, the furnace 

temperature was gradually increased from room temperature to 500 oC in 30 minutes. 

Then the temperature was increased again from 500 oC to 750 oC in 90 minutes and was 

kept at 750 oC for 10 minutes before cooled down to room temperature in 120 minutes. 

The sulfur introduced to the chamber at 750oC reacts with the Mo forming very thin 

MoS2 film (form single layer to few layers), as illustrated in Figure 2.2.1 b. The as-

prepared MoS2 atomic layers on SiO2 substrates are readily available for further 

characterizations as well as device fabrications. It is also easy to transfer the thin layers 

onto arbitrary substrates by etching away the SiO2 using KOH solution (~15M). Figure 

2.2.1 c shows a released MoS2 atomic layers floating on the surface of the alkaline 

solution. The lateral size of the MoS2 layers is simply dependent on the size of the 

substrates used (~0.8cm×0.8cm as shown in Figure 2.2.1 c), suggesting that the process is 

scalable and films of any size can be grown with good uniformity. The thickness of the 

MoS2 atomic layer grown directly relates to the thickness of the pre-deposited Mo metal 

on the substrate and hence the thickness of the layers can be controlled. The MoS2 atomic 

layers can then be transferred onto arbitrary substrates (including TEM sample grids) for 
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further characterizations and processing. Figure 2.2.1 d shows an optical image captured 

from the edge of a typical MoS2 on a SiO2 substrate (285nm). The light purple area in the 

top-right corner marked by a yellow arrow shows a very thin area (1-2 layers), while 

most of other areas are few-layered MoS2 in purple. Figure 1e shows the corresponding 

SEM image. The morphologies reveal that the on-site growth of MoS2 on SiO2 substrate 

can produce very thin, continuous and uniform atomic layers. In our experiments, we 

tried various substrates (Si, SiO2, Al2O3, Cr, Au, Au/Cr bi-layer) to deposit Mo on them 

using e-beam evaporation. All other substrates (Al2O3, Cr, Au and Au/Cr) were pre-

deposited thin films on silicon wafers.  

 

 

Figure 2.2.1: Illustrations and morphologies of atomic layered MoS2. a) Introducing 

sulfur on Mo thin film that was pre-deposited on SiO2 substrate. b) MoS2 films that are 

directly grown on the SiO2 substrate. The atoms in back and yellow represent Mo and S, 

respectively. c) SiO2/Si substrate (left) and peeled off few layer MoS2 (right, indicated by 

the arrow) floating on KOH solution. d) Optical image of one local section with MoS2 on 

SiO2/Si substrate. Most of areas in purple are few-layered MoS2. The area in light purple 
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is 1-2 layered MoS2 marked by a yellow arrow. e) Corresponding SEM image. These 

images show a large size, uniform and continuous MoS2 atomic layer. 

 

To further confirm the quality of the MoS2 atomic layers prepared by our CVD method, 

Figure 2.2.2 a shows the morphology of an atomic MoS2 layer covering on the TEM grid 

with a rolled-up edge, and Figure 2.2.1 b shows the edge area. Figure 2.2.1 c and 2.2.1  d 

shows the two-layered and three layered MoS2 samples. The interlayer spacing was 

measured to be ~6.6±0.2 Å. Figure 2.2.1 e is a HRTEM image of a random area with 

Moiré patterns. Figure 2.2.1 f is atomic layers of MoS2 reconstructed by masking the FFT 

patterns in Figure 2.2.1 e (shown in red dots). Figure 2.2.1 g and h are diffraction 

patterns, showing single-layered and double-layered areas. Figure 2.2.1 i, j and k shows 

elemental mappings. Figure 2.2.1 i is the original images and Figure 2.2.1 j and k are Mo 

and S elemental mappings, respectively. The EELS results are also shown in Figure 2.2.1 

l and m. The EELS spectrum obtained from the location, indicated by the red dot in 

Figure 2.2.1 i, reveals the characteristic peaks of Mo at 35 eV (N-edge) and S at 165 eV 

(L-edge).  
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Figure 2.2.2: TEM characterizations and chemical elemental analysis of CVD-grown 

MoS2. a) One atomic MoS2 layer covers on the TEM grid. b) Edge area of the atomic 

MoS2 layer in (a). c-d) Two and three layers of MoS2. The distance between two layers is 

about 6.5Å. e) HRTEM images with Moiré patterns. The FFT in the inset reveals a three-

layer packing. f) Atomic layers reconstructed by masking the FFT pattern from (e). g-h), 

Diffraction patterns of the atomic layers. i-k) Original phase contrast image and 

corresponding molybdenum and sulfur elemental mappings, indicating the uniform 

distribution of Mo and S elements in the atomic layer. l-m) EELS shows the Mo edge and 
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S edge at ~35eV and ~165eV, respectively. The red dot indicates the area where EELS 

data was collected. 

The grain size of CVD-grown and liquid mechanical exfoliated MoS2 (LE-MoS2),
42 as a 

comparison, could be estimated by the dark-field (DF) TEM images shown in Figure 

2.2.3. Figure 2.2.3 a shows a bright-field (BF) TEM image of a random area in the CVD 

MoS2. Figure 2.2.3 b and c are corresponding diffraction pattern and false-color DF TEM 

image of area in Figure 2.2.3 a, suggesting a poly-crystalline MoS2 with a grain size 

ranging from 10 nm ~ 30nm. Figure 2.2.3 b contains multi-group six-fold-symmetry 

spots, which is also seen in CVD graphene.43 The false-color DF TEM image is taken 

using an objective aperture filter to cover three spots in the back focus plane, marked by 

the circle. The colors (red, green and blue) in the DF TEM image correspond to the ones 

of circles in Figure 3b. Figure 2.2.3 d-e are the BF TEM image, diffraction pattern and 

DF TEM image of LE-MoS2, respectively. The individual six-fold-symmetry pattern and 

DF TEM image suggests the grain size is larger than 1 µm or more. We also examine the 

edges in CVD and LE MoS2, as shown in Figure 2.2.3 g and 2.2.3 h. It can be found 4L 

and 3L in length of ~10nm, 2L MoS2 in length of ~20nm in CVD MoS2, and 4L in length 

of ~90nm in LE MoS2.  
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Figure 2.2.3: Comparison of grain size in CVD-grown and naturally formed MoS2. a) 

Random area of CVD-grown MoS2 appear uniform in bright-field TEM images. b) 

Diffraction pattern taken from of area in a show the MoS2 is polycrystalline. c) A dark-

field image corresponding to a with false color. d) Bright-field liquid exfoliated MoS2 

flake. e) Diffraction pattern taken from a region in d showing a single crystal MoS2. f) A 

corresponding dark-field image. g) and h) Typical edges of CVD MoS2 and liquid exfoliated 

MoS2. 
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Raman spectra on as-prepared MoS2 atomic layers, as well as mechanically exfoliated 

thin flakes were collected for comparisons. As shown in Figure 4, Raman spectra were 

collected for single-layered and double-layered MoS2 samples on SiO2 substrate. Two 

typical Raman active modes could be found: E1
2g at 383 cm-1 and A1g at 409 cm-1.44 

These modes of vibration have been investigated both theoretically and empirically in 

bulk MoS2,
44-48 E1

2g indicates planar vibration and A1g associates with the vibration of 

sulfides in the out-of-plane direction as illustrated in the inset of Figure 4a. Some 

criterion could be used to roughly identify the thickness of the layers44: (1) Raman peak 

location and intensity of E1
2g and A1g (with same parameters like laser power, collecting 

time etc.). The peaks were found to be blue-shift for E1
2g and red-shift for A1g when the 

film becomes thinner, which would also result in a weaker signal. In Figs. 2.2.4 a and b, 

their peaks from E1
2g and A1g located at 384.6 cm-1, 405.1 cm-1 and 384.6 cm-1, 406.9 cm-

1, respectively, which corresponded to single-layered and double-layered MoS2 samples. 

The spectra in blue are recorded from mechanical exfoliated MoS2 with a corresponding 

numbers of layer; 44 (2) The peak spacing between E1
2g and A1g. In our case, they were 

20.6 cm-1 for single-layered and 22.3 cm-1 for double-layer samples; (3) The intensity 

ratio between the characteristic peaks from MoS2 and the substrate. For our samples, E1
2g 

/Si were ~ 0.05 and 0.09, again corresponding to single-layered and double-layered MoS2 

samples. 44 The Raman intensity ratios for E1
2g and A1

g are different for the CVD MoS2 

and exfoliated MoS2. It is because the planar vibration (E1
2g) is subject to the nano-scale 

and random-distributed grains in CVD MoS2 (Figure 2.2.4 c), therefore showing a lower 

relative intensity compared to mechanical exfoliated MoS2. It is supported by further 

studies on the DF TEM image of exfoliated MoS2 flakes. Their grain size is much larger, 

typically at the order of microns or more (Figure 2.2.3 f). Raman mapping was taken 

from the dashed area (35µm×45µm) shown in Figure 2.2.4 c, which is a typical edge area 

of a large size atomic MoS2 layer prepared by our CVD method. Figure 2.2.4 d and e 

represent the intensity mapping (E1
2g) and intensity ratio mapping (E1

2g /Si). There were 

total 576 (24×29) Raman spectra collected from this area. Both mappings show a similar 

landscape. Intensity ratio mapping provides a more accurate characterization and better 

resolution for the atomic layer samples with different thicknesses. The thin area was 

shown in light blue and thick area in red. Raman spectra strongly suggest good quality, 
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uniform coverage of MoS2 atomic layers (from single layer to a few layers) on SiO2 

substrate. 

 

Figure 2.2.4: Raman signatures of as-prepared CVD MoS2 atomic layers. a) and b), 

Raman spectra of single-layered and double-layered MoS2. The thickness of MoS2 layers 

can be estimated by evaluating their relative intensity to Si, or the spacing between two 

vibrating modes (E1
2g and A1g), as shown in the inset. Spectra in blue in the inset are from 
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mechanical exfoliated MoS2 (single-layered MoS2 in a and double-layered in (b). c) A 

typical landscape of MoS2 atomic layers on SiO2 substrate. The dotted area is mapped in 

(d) (intensity of E1
2g peak) and (e) (E1

2g (intensity)/Si(intensity)), indicating the number 

of layers. 

Field effect transistor (FET) devices were made by photolithography process to 

determine the electric transport properties of CVD-prepared MoS2. We use photoresists 

S1813 and LOR5B to make electrodes patterns with under-cut structures by mask aligner 

(SUSS Mask Aligner MJB4) and then develop with MF319. Ti/Au Electrodes (5 nm/30 

nm) are deposited by e-beam evaporator. The evaporating rate was well controlled about 

1 Å/s. The photoresist could be removed by acetone and PG-REMOVER. The electrical 

measurements were carried out using two Keithley 2400 source meters connected with a 

CTI Cryodyne Refrigeration System to provide a temperature ranging from 15K to 450K 

and a vacuum down to 7×10-6 Torr. Their electrical transport properties are shown in 

Figure 2.2.5. Figure 2.2.5 a is a typical device with an electrode spacing ~ 9µm and the 

length of the electrodes is ~100 µm. Figure 2.2.5 b is a typical I-V curve of MoS2 device 

with a resistance of ~130 KΩ. For most of the devices, their source current versus bias 

voltage is linear ranging from 1mV to 1V, suggesting ohmic contacts with our Ti/Au 

electrodes. The resistivities of our MoS2 samples are from ~ 1.46×104 Ω/□ to 2.84×104 

Ω/□, about two orders of magnitude higher than the CVD-prepared graphene (125Ω/□). 

Temperature dependence measurement indicates that MoS2’s resistance increases at low 

temperatures, as shown in Figure 2.2.5 c. The typical mobilities measured are ranging 

from 0.004 to 0.04 cm2V-1s-1 at room temperature, one to two orders of magnitude less 

than the mechanical exfoliated MoS2 samples (0.1 ~10 cm2V-1s-1). The mobility of MoS2 

at low-field field effect is estimated by ( )[ ]/ / (d d
ds bg i ds

I V L WC Vµ = ×   . Here L is the channel 

length ~9µm, W is the channel width from 17 µm to 80 µm for various devices. Ci ~ 

1.3×10-4F m-2 is capacitance between the channel and the back-gate per unit area. We 

believe the low mobilities originate from the planar defect - the nano-scale and random-

distributed CVD MoS2 grains, as shown in the DF TEM image in Figure 3c. In addition, 

other defects including cationic vacancies, dislocation and adsorption-induced doping 

effect in the MoS2 are also possible reasons for the low mobilities, which are always 
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observed in CVD-prepared two dimensional materials like graphene. The low mobility of 

the materials can be explained through the defectuous nature of the materials that 

introduces large number of scattering centres.    

 

Figure 2.2.5: Characterizations of MoS2 devices. a) Optical image of a typical MoS2 

device. b) Ids-Vds curve acquired without a gate voltage. c) Temperature dependence of 

the resistance from 300K to 20K. d) Plot of gate voltage versus drain current. 

The reaction mechanism for synthesizing MoS2 atomic layers could be simply understood 

as a direct elemental chemical reaction. In our experiments, the earlier reported 

precursors used in synthesizing MoS2 nanostructures49-54 were not selected, since it’s very 

difficult to obtain large area uniform film from those precursors. Metal substrates have 

also been considered in experiments. In fact, the reactions between sulphur and metals at 

relevant reaction temperatures make Au almost the only suitable metal substrate. These 

suspended, perhaps pre-stressed atomic layers could have some unique properties and 
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also help us learn more about mechanical properties of such atomic-layered MoS2 

samples. 

In summary, we have shown here a direct preparation of monolayer and few-layered 

MoS2 on SiO2 substrates using a pre-deposition of Mo film followed by CVD method. 

The size and thickness of atomic MoS2 layer depend on the size of the substrate and the 

thickness of the pre-deposited Mo, which are easily scalable and controllable, making it 

possible to meet the demands from different applications. Characterization such as 

HRTEM and Raman indicate the as-prepared MoS2 are of good quality and crystallinity, 

and ranges typically from mono-layer to a few layers. Our new large area synthesis 

method has thus revealed new possibility to prepare large area good quality MoS2 atomic 

layer materials, increasing the number of possible candidates to be engineered into 2D 

structures in the direction provided by the advent of graphene and its applications. 

 

2.3 Vapor Phase Growth of Molybdenum Disulfide Atomic Layers 

 

The work presented in this chapter is based on the following publication 

1. Najmaei, S.; Liu, Z.; Zhou, W.; Zou, X.; Shi, G.; Lei, S.; Yakobson, B. I.; Idrobo, J.-

C.; Ajayan, P. M.; Lou, J. Nat Mater 2013, 12, (8), 754-759. 

Recent top-down approaches to obtain large-area MoS2 thin films have seized 

considerable attention3, 23.  Nevertheless, the lack of uniformity in thickness and size 

undermines the viability of such approaches. Other scalable MoS2 synthesis techniques 

have focused on the direct sulfurization of molybdenum-containing films16, 17, 55.  The 

work presented in the previous chapter on the solid phase sulfurization of molybdenum 

thin films revealed a straightforward method for large-area MoS2 synthesis16.  However, 

the suboptimal quality of samples prepared using this synthetic route – exemplified by 

their low carrier mobility (0.004 - 0.04 cm-2V-1s-1), as compared to mechanically 

exfoliated samples (0.1 - 10 cm2V-1s-1), and small grain sizes (~20 nm) – remains a 

problem16.  Alternatively, Liu et al. have exploited the sulfurization of ammonium 

tetrathiomolybdate films56. Yet, this method bears a considerable level of complexity in 
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precursor preparation and in achieving sufficient quality, which has limited its 

feasibility56.  

 

Traditionally, the sulfurization of molybdenum trioxide (MoO3) has been the primary 

approach in MoS2 nanomaterial synthesis and it has been widely studied18, 26, 57, 58. 

Making use of its low melting and evaporation temperatures, Lee et al. demonstrated that 

MoO3 is a suitable precursor for chemical vapor deposition (CVD) of MoS2 thin films18. 

This work studied the nucleation and growth process in CVD-grown MoS2 atomic layers 

facilitated by seeding the substrate with graphene-like species, but lacked a 

comprehensive characterization of grains and grain boundary structures. The evolution in 

graphene synthesis suggests that an in-depth understanding of the CVD process for 

single-crystalline domain nucleation and growth is essential to the large area preparation 

of high quality materials59-61. In this chapter, we develop a CVD-based procedure for the 

large-area synthesis of highly crystalline MoS2 atomic layers by vapor-phase MoO3 

sulfurization.  

  

2.3.1 Preparation of MoO3 Nanostructures 

As the precursor to MoS2, MoO3 films were prepared by the filtration or dispersion of 

their highly crystalline nanoribbons, which were produced hydrothermally through a 

process widely used for synthesis of this type of single-crystalline material62, 63. Sodium 

molybdate (Na2MoO4) or heptamolybdate tetrahydrate (NH4)6Mo7O24·4H2O were used to 

synthesize MoO3 nanoribbons. We dissolved 1.2 grams of these agents in nitric acid and 

transferred the solution to a Teflon container, which was heated at 170oC for 1-2 hours.  

These MoO3 nanoribbons have a high aspect ratio, roughly 20 microns in length, 1-2 

microns in width, and a thickness in the range of 10-40 nanometers (Figure 2.3.1 a).  

 

2.3.2 CVD Growth Process of MoS2 

To prepare MoS2 we filtered or dispersed the MoO3 nanoribbons into large-area films. 

We cut the MoO3 films into pieces, and place on silicon substrates. This MoO3-covered 

silicon substrate, along with several bare substrates designated for the growth of MoS2 

were placed close to each other at the center of the furnace vented with nitrogen at 200 
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sccm (Figure 2.3.1 b).  At the opening of the furnace, a container with 0.8 - 1.2 grams of 

sublimated sulfur was placed at a location reaching an approximate maximum 

temperature of 600oC.  The center of the furnace was gradually heated from room 

temperature to 550oC in 30min at a rate of approximately 20oC/min.  As the temperature 

approached 550oC, the sulfur slowly evaporated; the chamber was then heated to 850oC 

at a slower pace of ~5oC/min.  After 10-15 minutes at this temperature, the furnace was 

naturally cooled back to room temperature.  

 

Figure. 2.3.1: Precursors and CVD setup. a) Scanning electron microscopy image of 

MoO3 nanoribbons prepared through a standard hydrothermal method and used as 

precursors in varied densities or condensed films. These ribbons provide a robust method 

for dispersion, allowing for the examination of the different stages involved in the growth 

process. The scale bar is 4 µm. b) The configuration used in our experiments for MoS2 

film preparation. In this configuration, the MoO3 precursors are dispersed on SiO2/Si 

substrates and placed in the center of the quartz container, and several bare or patterned 
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clean substrates, designated for MoS2 growth, are positioned on the sides. The sublimated 

sulfur is placed close to the opening of the furnace, where it evaporates as the 

temperature at the center of the furnace approaches 550oC.  Nitrogen is continuously 

streamed through the chamber with a flow rate of 200 sccm. c) Schematic of the CVD 

growth of MoS2 highlighting the vapor phase reaction between MoO3-x species and sulfur 

and the deposition of MoS2 on a designated substrate.   

 

Through our preliminary experiments we determined that sulfur concentration and 

chamber pressure are two key parameters that control the prospects of the material 

growth. These parameters and their synergistic effects on the morphology, nucleation, 

and growth of MoS2 crystals were used to control the MoS2 synthesis in our experiments. 

These observations show that, in contrast to graphene that nucleates abundantly on 

copper substrates without any treatment61, the limiting factor in the growth of large-area, 

highly crystalline MoS2 films is the rare and complicated nucleation process of this 

material on bare SiO2 substrates. These observations are also in agreement with previous 

studies on CVD-grown MoS2
18

 and elucidate the importance of efficient control of 

nucleation, essential to the large-area growth of the MoS2 atomic layers. Although the 

full extent of the reaction between sulfur and MoO3 has not been explored, some 

information can be extrapolated from the extensively-studied interaction between MoO3 

and H2S
27.  It is known that this reaction includes a transition to the MoO(3-x) species and 

the subsequent formation of oxisulfides27.  At a suitable temperature range (200 - 400oC) 

and given sufficient reaction time, this reaction proceeds, and a complete conversion to 

MoS2 occurs.  It is postulated that similar stepwise transitions in vapor phase are involved 

in our experiments, in which H2S is substituted with sulfur as reactant.  When the 

intermediate oxides form, they diffuse across the bare substrates and, as a result of 

sulfurization, initially form the triangular MoS2 domains and further grow into 

continuous films.  The temperature dependent studies reveal the ideal temperature for the 

high-quality formation of these triangular flakes is in the range of 800 - 850oC, in 

agreement with the previously reported experiments27. The sulfur concentration in this 

process at a given time of the experiment depends on the position of its container relative 

to the center of the furnace, the outgoing flow of gases from the chamber, and the initial 
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loading of the sulfur. The experiments demonstrate that, in the case of an insufficient 

sulfur supply, oxisulfide rectangular domains nucleate and grow, instead of MoS2 

triangles and films (Figure 2.3.2 a & b). As the sulfur concentration is increased to 0.5-

0.7 grams, hexagonal MoS2 domains nucleate, and at >1 grams of sulfur, triangular 

domains dominate (Figure 2.3.2 c & d).  

Figure. 2.3.2: Effect of sulfur concentration on the growth process. a) At low sulfur 

concentrations, < 0.5 grams, rectangular domains are nucleated. b) The Raman signature 

of these domains corresponds to oxisulfide (MoOS2).  The orthorhombic crystal structure 

of MoO3 justifies the rectangular shape of these domains. Further sulfurization of the 

rectangular domains at temperatures of 800-1000oC reveals a significant solid phase 

stability of the material.  The results are in agreement with our hypothesis that the 

triangular MoS2 domains are nucleated as the vapor phase sulfur reduction of MoO3 is 

completed on the surface of the substrate. c) Nucleation of MoS2 begins at sulfur 

concentrations in the range of 0.5-0.7 grams; however, the domains construct a hexagonal 
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geometry. d) At higher sulfur concentrations, >0.7 grams, triangular domain nucleation 

dominates the process.    

 

Another important parameter interrelated to the sulfur concentration is the pressure. As 

the sulfur evaporates the pressure increases. The out going flow can be adjusted to 

control the maximum pressure reached in the experiment, which also controls the amount 

of sulfur in the chamber. The maximum pressure is used in the following discussion as a 

measure for the pressure dependency of the MoS2 growth. The measured pressure is the 

difference between the reference atmospheric pressure and the maximum pressure 

reached in these experiments. It is evident that both single-crystalline growth and density 

of nucleation are affected by the pressure. As the pressure increases less MoO3 is 

evaporated, and its simultaneous solid state sulfurization slows down and ultimately stops 

the process. 

 

In Figure 2.3.3, the changes in the growth process is demonstrated by showing the most 

commonly observed features. At close to atmospheric pressures (0.5-1KPa) the supply of 

sulfur is low but sufficient MoO3 is evaporated and typically oxisulfides or hexagonal 

isolated islands form (Figure 2.3.3 a).  Additionally at the same pressures granular and 

thick films may grow (Figure 2.3.3 b). Increasing the pressure to 1-4 KPa, the growth of 

small triangles initiates (Figure 2.3.3 c) and it extends to large area films in the pressures 

range of 4-10K (Figure 2.3.3 d). At these pressures both supplies of MoO3 and sulfur are 

sufficient for large area growth and coalescence of triangular domains. At slightly higher 

pressures, 10-40KPa sulfur is plentiful but lower evaporation of MoO3 slows down its 

supply and isolated but very large, 50-80 µm, triangular domains form (Figure 2.3.3 d). 

At higher pressures, 40-80KPa, these isolated triangles shrink in size and their 

morphology begins to change (Figure 2.3.3 e). At the maximum pressures that the CVD 

chamber can withhold, 80-120KPa, isolated star shaped islands grow (Figure 2.3.3 f).  In 

conclusion the sulfur concentration is the limiting factor that determines the morphology 

and the size of the single crystalline domains and MoO3 controls the density of nucleation 

and large-area growth of MoS2.   
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Figure 2.3.3: Effect of pressure on the growth processes. a) Granular films at 0.5-1KPa. 

b) High density nucleation of triangular domains at 1-4 KPa. c) Formation of large area 

films at 4-10KPa. d) Growth of large area triangular domains at 10-40KPa. e) Formation 

of isolated triangular domains with modified shapes at 40-80KPa. f) Star shaped domains 

at 80-120Kpa 

 

To understand the growth process of MoS2, the source supply was controlled by 

dispersing MoO3 nanoribbons with varied concentrations on a substrate, away from the 
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designated growth region, while all other parameters were kept constant. A scanning 

electron microscope (SEM, FEI Quanta 400) is used to study the morphology and the 

distribution of MoS2 triangles and films on silica substrates.  Raman spectroscopy 

performed on a Renishaw inVia microscope characterizes the structure and thickness of 

the films at 514.5 nm laser excitation. Film thickness and topographical variations in the 

samples were measured using Atomic force microscopy (AFM, Agilent PicoScan 5500). 

The experiments show that the synthesis of MoS2 was limited by the diffusion of vapor-

phase MoO3-x: decreasing the density of dispersed nanoribbons systematically slows or 

stops the growth at certain points, providing means to explore the growth process. 

Several stages were observed during the MoS2 atomic layer growth. Initially, small 

triangular domains were nucleated at random locations on the bare substrate (Figure 2.3.4 

a). Then, the nucleation sites continued to grow and formed boundaries when two or 

more domains met (Figures 2.3.4 b & c), resulting in a partially continuous film. This 

process can eventually extend into large-area single-layered MoS2 continuous films if 

sufficient precursor supply and denser nucleation sites are provided (Figure 2.3.4 d).  

 

Figure 2.3.4: The fundamental growth process of MoS2 films and controlled nucleation. 

a-d) SEM images showing the growth process of MoS2 from small triangles to continuous 

films.  
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In the quest for feasible strategies to control the nucleation process, we take advantage of 

some of our common experimental observations. Our experiments show that the MoS2 

triangular domains and films are commonly nucleated and formed in the vicinity of the 

substrates’ edges, scratches, dust particles, or rough surfaces (Figure 2.3.5).  

 

 

Figure. 2.3.5: Common features observed in the direct synthesis of MoS2 on substrates. a) 

SEM image showing the nucleation sites formed across the bare substrate in a random 

manner, leading to the formation of triangular MoS2. b) SEM image demonstrating the 

affinity of nucleation to the edges and rough surfaces. As evident from this image, a 

higher density of nucleation is frequently observed on the cross-sectional surface and at 

substrate edges. c) Induced nucleation of MoS2 domains near artificially-made circular 

edges on SiO2.  Some of the nucleated domains diffuse from these edges to flat surfaces. 

The scale bars are 1, 10, and 50 µm for a), b), and c), respectively. 
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We utilized this phenomenon to control the nucleation by strategically creating step edges 

on substrates using conventional lithography processes (Figure 2.3.6 a). The patterned 

substrates with uniform distribution of rectangular SiO2 pillars (40×40 µm2 in size, 40 µm 

apart, and ~40 nm thick) were directly used in the CVD process for MoS2 growth (Figure 

2.3.6 a).  The pillars facilitate a high density of domain nucleation and the continued 

growth allows for the formation of large-area continuous films (Figure 2.3.7). Raman 

spectroscopy measurements indicate that the MoS2 atomic layers grow on the surface of 

the pillars as well as on the valley space between them, suggesting that both the surface 

roughness and edges may contribute to the nucleation process (Figure 2.3.6 b, & c). The 

as-grown films are predominantly single-layered, with small areas consisting of two or 

few layers at the preferred nucleation sites (Figure 2.3.6 c).  Our observations show that 

the pattern-based growth process follows pressure and sulfur concentration dependencies 

similar to the growth of MoS2 on pristine substrates. Theoretical studies have revealed a 

significant reduction in the nucleation energy barrier of graphene at step edges, as 

compared to flat surfaces of transition metal substrates 32.  We propose that similar edge-

based catalytic processes are also involved in the initiation of MoS2 growth. The simple 

lithography method applied in the preparation of silicon oxide patterns and step edges on 

insulating substrates provides a unique and robust strategy for the growth of large-area, 

high-quality MoS2 films that can be readily transferred to any substrate or applied to 

fabricate devices (Figure 2.3.6 d). 
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Figure 2.3.6: a) Optical image of a large area continuous film synthesized on substrates 

with rectangular shaped patterns. The patterns are distinguishable by their bright blue 

color and the areas between them are completely covered by continues MoS2 layers. b) 

The close up optical image of the as synthesized MoS2 film, on the patterned substrate 

demonstrating that the method described typically results in single- and bi-layered films 

between the pillars and thicker samples on the pillars, these patterns act as nucleation 

promoters. c) Raman spectra acquired from different regions highlighted in Figure b, 

showing the thickness and its small variability in the sample. d) Large area, square 

centimeter film transferred to a new substrate from a patterned substrate using 

conventional polymer-base transfer techniques   
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Figure 2.3.7. Nucleation controlled growth process. a-d) SEM images showing the 

nucleation controlled growth process through the patterning of silicon substrates. These 

patterns are discernable by the obvious contrast resulting from dense nucleation. Film 

growth is initiated by the nucleation and growth of triangular single-crystalline MoS2. A 

sufficient supply of MoO3 results in further growth and coalescence of such triangles, and 

ultimately, continuous large-area films with high level of crystallinity form. The scale 

bars in a-d) are 100, 50, 50, and 400 µm, respectively. 

 

The strategies to enhance this approach, such as variations in the size and geometry of the 

pillars, and their effects on the growth process can be explored.  The sulfur concentration 

and pressure controls provide the means to maximize the size of the single-crystalline 

domains, before they merge. Our experiments at lower MoO3 concentrations, which 
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allows for resolving the grains before they coalesce, show that a maximum triangular 

domain sizes in the order of 20-25 µm should be expected. This is in agreement with the 

results described for the pressure dependency of the MoS2 growth, which illustrates the 

correlation between the maximum domain sizes and large area growth of the MoS2 films. 

The existence of a maximum achievable grain size imposes restrictions on the pattern 

base strategy and control of crystallinity in the large area films. In Figure 2.3.8 a, where 

20 µm2 rectangular patterns with the spacing of 20 µm are used, although most triangular 

domains have not reached their maximum size (~20 µm), they have already made contact 

with triangles nucleated from other sites and, as more precursor is provided, over-layers 

grow (Figure 2.3.8 b). However, for slightly larger patterns, 40 µm2 rectangles with 

spacing of 40 µm, many triangles in the maximum size range are observed and they meet 

other domains at relatively larger sizes (Figure 2.3.8 c & d).  Our experiments show that 

further pattern size increase results in insufficient nucleation and deters the large area 

growth. These results exemplify a general control mechanism in the pattern base growth 

for control of film size and crystal quality.   
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Figure 2.3.8: Method for control of crystallinity in MoS2 films through pattern-size 

variation. a) MoS2 synthesis at low densities of MoO3 on 20 µm × 20 µm rectangular 

patterns located 20 µm apart shows that triangles with sizes ~10 µm have already made 

contact with triangles nucleated from other sites, suggesting an average grain size in the 

order of <10 µm for the films made on this type of patterns. b) A further supply of MoO3 

results in the formation of films with high possibility of over-layer nucleation and over-

layer growth. c) MoS2 synthesis using 40 µm × 40 µm rectangular patterns located 40 µm 

apart at low source supply. Triangular domains within the size range of 20 µm are 

commonly observed. d) In these patterns, sufficient source supply allows domains of 

relatively larger sizes to merge into more continuous and high-crystalline films. 
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Figure 2.3.9: Variation in patterns for the controlled nucleation and growth process. a-d) 

The application of circular patterns demonstrates a similar nucleation and growth process. 

However, since growth in multiple directions from the initial nucleation sites at the edge 

of the circles is possible, overlapped and multi-layer growth is more prominent. e-f) 

Growth using patterns with long rectangular bar where the nucleation is clearly affiliated 

to these bars; however, smaller surface area results in less surface nucleation, and 

therefore results in slower formation of the films. An incomplete and scattered formation 

of ~100 µm films results from the diffusion-limited nature of the synthetic process. The 

scale bars in all images are 40 µm. 

 

This strategy can potentially be adopted to grow large-area MoS2 films on other 

insulating substrates, such as hexagonal boron nitride, to take advantage of its atomically 

smooth surface and possible electrical performance enhancement. Further experiments 
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reveal that MoS2 growth on both patterned and bare substrates follows the same process: 

the initial nucleation of triangular domains and their subsequent growth and coalescence. 

As we establish the knowledge of the MoS2 atomic layer growth, it becomes evident that 

the nucleation and growth of the triangular domains, as well as the formation of 

boundaries among these domains, play an important role in the development of large-area 

MoS2 atomic layers. Therefore, the characterization of the triangular domains becomes 

essential to understanding the advantages and limitations of this synthetic route and the 

proposed growth mechanism.   

 

2.3.3 Characterization Material Quality and Crystallinity in CVD MoS2 

 

We next focus on the characterization of the MoS2 grown and its crystallinity. A 

representative atomic force microscopy (AFM) image of a MoS2 triangular domain is 

shown in Figure 2.3.10 a. The thickness of these triangles is approximately 0.7 nm, 

corresponding to one MoS2 atomic layer, with high level of uniformity in thickness as 

also confirmed by optical and Raman spectroscopy (Figure 2.3.11). The equilateral 

geometry of the triangles with perfect 60o angles suggests the single-crystalline nature of 

these nanostructures, with edges parallel to a specific lattice orientation Figure 2.3.10 b. 

Transmission electron microscopy (TEM) and aberration-corrected scanning transmission 

electron microscopy (STEM) were then applied to examine the crystal structure of MoS2 

triangles and atomic layers. The TEM experiments are performed on a JEOL 2100F 

microscope operating at 200 kV, and a FEI Titan 80-300 TEM operating at 60 kV. The 

diffraction patterns of individual MoS2 triangles are obtained from the whole triangle 

using a selected-area aperture (Figure 2.3.10 b). This shows the single crystallinity of the 

triangular domains. High resolution images from these regions show high quality crystal 

growth (Figure 2.3.10 c). The selected area electron diffraction (SAED) pattern from a 

typical MoS2 triangle (Figure 2.3.10 b) presents only one set of six-fold symmetry 

diffraction spots, conforming their single-crystallinity with hexagonal structure. The 

atomic structure of the single-layer triangles is shown by the STEM annular dark field 

(ADF) image in Figure 2.3.10 c, where the alternating brighter and dimmer atomic 

positions in the hexagonal rings correspond to Mo and S2, respectively. Quantitative 
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analysis of the STEM-ADF image intensity confirms that the sample is single-layer MoS2 

with two S atoms at each S2 site 33. Moreover, a uniform and almost defect-free structure 

was observed across the entire single-crystal domain. Nevertheless, through the formation 

of grain boundaries when these single-crystalline domains merge, polycrystalline films of 

MoS2 form. 

 

The optical images of the films and the triangular domains provide a qualitative measure 

of the samples’ thickness and uniformity (Figure 2.3.11 a).  We further evaluate their 

thickness and surface roughness using Raman spectroscopy.  It has been shown that the 

two vibrational modes of MoS2 tend to approach each other down to ~18 – 20 cm-1 in 

single-layered samples, providing a robust thickness characterization tool for samples up 

to and including 4 layers44.  The measured differences between the characteristic Raman 

peak positions, E12g and A1g – acquired from areas presented in Figure 2.3.11 a– are 19.5 

and 22.2 cm-1, corresponding to the thicknesses of one and two layers (Figure 2.3.11 b).  

Our thickness analyses across these samples indicate that these films are mostly single-

layered, with occasional two- or few-layered regions.  Raman intensity mapping has been 

proposed as a method for the investigation of grain boundaries in graphene64. These 

studies showed that the D-band intensity in graphene could be utilized to detect 

nucleation sites and grain boundaries. In the present study, the Raman intensity mapping 

for characteristic band positions of single-layered samples, E12g (385cm-1) and A1g 

(405cm-1), from the merged triangles are collected. These results reiterate the thickness 

uniformity of the samples (Figure 2.3.11 c & d).  In these maps, the nucleation sites are 

clearly discernable; however, no clear indications of changes in the vibrational properties 

are observed at likely grain boundaries. 
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Figure 2.3.10: Characterization of the MoS2 triangular domains. a) AFM image from a 

MoS2 triangular flake. Nucleation sites at the center of the MoS2 triangle are also visible.  

Inset: line scan demonstrating the thickness of a single layered MoS2. b) Bright field 

TEM image of the MoS2 triangular flakes. Inset: the SAED pattern acquired from this 

triangle demonstrates it is a single crystal with hexagonal structure. c) STEM-ADF image 

representing the defect free hexagonal structure of the triangular MoS2 flake. The brighter 

atoms are Mo and lighter ones are S2 columns. Inset: the FFT pattern of the image 

confirming the hexagonal MoS2 structure.  

 

Figure 2.3.11: Thickness and chemical characterization of as-synthesized MoS2 samples. 

a) Optical image of MoS2 films with optical contrast resembling single layered samples; 

the scale bar is 40 µm. b) Raman measurements from the two points marked on a) by red 
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and black filled circles demonstrating the thickness variations in these samples. c) The in-

plane E12g and d) out-of-plane A1g modes of vibration positioned at 385 and 405 cm-1, 

respectively, corresponding to single-layered MoS2. These maps demonstrate the 

thickness consistency in these triangles; it is evident that these triangles consist of 

nucleation centers made of MoS2 particles with larger thickness. Grain boundaries are not 

clearly detected based on the Raman measurements.  

 

The chemical composition of the sample was confirmed by X-ray photoelectron 

spectroscopy (XPS) and electron energy loss spectroscopy (EELS) analysis (Figure 

2.3.12).  XPS measurements at every stage of the growth process, from the triangular 

domains to continuous films, provide strong evidence for the high-quality formation of 

MoS2, as presented in Figure 2.3.12 a & b.  X-ray photoelectron spectroscopy (XPS, PHI 

Quantera) is performed using monochromatic aluminum Kα X-rays, and the obtained 

data is analyzed with the MultiPak software. The information acquired from the position 

and intensity of the Mo 3d and S 2p bands on dispersed triangles, discontinuous films, 

and completed films demonstrate that the bonds in MoS2 samples at every stage are fully 

formed.  In these samples, the single molybdenum doublet Mo 3d3/2 and Mo 3d5/2 appear 

at binding energies of 233.9 eV and 230.9 eV, and the sulfur doublets S 2p1/2 and S 2p3/2 

at 162.9 eV and 161.8 eV, respectively.  These measurements match the characteristic 

band positions of fully-transformed MoS2 during the sulfurization of MoO3, validating its 

complete conversion during the growth process3. Moreover, electron energy-loss 

spectroscopy (EELS) obtained from clean regions in the MoS2 domains shows only the 

characteristic peaks of Mo (M-edge) and S (L-edge) without impurities (Figure 2.3.12 c), 

which further confirms these findings. It is known that the grain boundaries in 

polycrystalline two-dimensional materials degrade their physical properties and, to 

overcome these problems, large grain sizes are desirable34. Therefore, characterization of 

crystallinity in the large-area MoS2 films is necessary to assess the quality of the material. 
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Figure 2.3.12: Chemical analysis of MoS2 single triangular domains and films. a-b) The 

XPS measurements revealing the complete formation of MoS2 at every stage of the 

growth process, i.e. from the nucleation of small triangles to continuous films. c) EELS 

spectrum acquired from the defect-free MoS2 monolayer film, showing the S L-edge and 

Mo M-edge. 

 

We evaluate the crystallinity of the large-area continuous MoS2 films by examining the 

microstructure of these atomic layers using dark-field (DF) TEM imaging. A total of 507 

DF TEM images acquired from the same diffraction spot were used to construct the DF 

TEM image (Figure 2.3.13). For the large-size DF TEM image of the MoS2 film (Figure 

2.3.13 a), 507 DF TEM images were taken at the same diffraction spot under the same 

microscope settings, with spacing of 3 µm for each frame, under the DF imaging mode. 

The images are then aligned and stitched by Microsoft Image Composite Editor. To 

recheck every composite, BF TEM images at low magnification are acquired Figure 

2.3.14 a & b. False-color DF TEM images are obtained by Red, Green, and Blue (RGB) 

image construction of individual DF images acquired at the DF mode by selecting the 

spots at each pattern set with a small objective aperture Figure 2.3.14 c & d.  
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Figure 2.3.13: BF and DF TEM images of MoS2 films. a) BF TEM image of the MoS2 

film. b) DF TEM image of the same region showing a large MoS2 grain across the 

whole film.  The DF image shown in b) was obtained by stitching 507 different DF 

images, acquired with a spacing of 3 µm under the same microscope conditions. c) An 

individual DF image aquired from the square area shown in b).  

 

The ~15×15 µm2 region shown in Figure 2.3.14 a contains two areas of single-layer 

MoS2 and demonstrates a contrast between the different areas of uniform crystal 

orientations. The white regions represent single-layered MoS2 with the same lattice 

orientation. The DF TEM images, along with additional results presented here, 

demonstrate the large grain size (several tens of microns) of the MoS2 films. This is 

consistent with the average size of the triangular domains observed in our experiments 

before they coalesce, and reaffirms our hypothesis for the MoS2 growth process. 

Additionally, the thickness uniformity over regions greater than tens of microns further 

exemplifies the high quality of these samples. Nevertheless, grain boundaries that 

mediate the crystal orientation transitions between the grains are one of the major sources 

of defects in materials that warrant closer scrutiny.  
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Figure 2.3.14: Grains in single-layered MoS2 films. a) Dark field (DF) TEM image 

acquired from the continuous MoS2 film using the same diffraction spot (collaged from 

~159 individual DF images). Most of the 15x15 µm2 imaging area is covered by grains 

with the same crystal orientation and demonstrates the large single-crystal grain size of 

the MoS2 film. b) Bright field TEM image of the MoS2 atomic layer containing a junction 

of three different grains. c) SAED pattern acquired from the highlighted area in b 

showing three sets of six-fold symmetry diffraction patterns with relative rotations of ~ 5o 

and 30o. d) False-color dark field TEM image using the three diffraction spots marked in 

c showing the presence of three grains.   

 

An example of a grain boundary in MoS2 atomic layers is shown in Figure 2.3.14 b, 

where the SAED pattern collected from the highlighted area reveals three sets of six-fold 

symmetry spots (Figure 2.3.14 c), corresponding to relative rotations of ~5o and 30o in 
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crystal orientation among the three grains. The location of the grains and their boundaries 

can be identified from the false-colored DF TEM image presented in Figure 2.3.14 d. 

 

2.3.4 Electrical and Photocurrent Characterization of MoS2 

 

To evaluate the electrical performance of the materials, we measure their field effect 

carrier mobilities. FET devices were fabricated by patterning the films using lithography 

and reactive ion etching. The process involves a photolithography step using photoresist 

S1813, mask aligner (SUSS Mask Aligner MJB4), and O2 reactive ion etching (RIE, 

Phantom III).  The photoresist is removed by acetone and PG-REMOVER.  A similar 

lithography process is used to prepare the photoelectric devices, with the addition of the 

photoresist LOR5B as an adhesive layer to achieve an undercut.  The electrodes (Au/Ti, 

50nm / 3nm) are deposited using e-beam evaporation.  Electrical measurements are 

performed in a Lakeshore probe station under vacuum conditions (10-5 Torr), and field-

effect transistor (FET) and I-V measurements are carried out using two, Keithley 2400 

source meters. These devices have a channel length and width of 100 µm and 10 µm, 

respectively.  All devices demonstrated FET characteristics of n-type semiconductors, 

similar to mechanically-exfoliated samples (Fig 5a)3, 4. We estimate the charge carrier 

mobility in these devices using the equation ( )[ ]/ / (d d
ds bg i ds

I V L WC Vµ = ×   , where L and W are 

the channel length and width.  The capacitance between the channel and the back gate per 

unit area is estimated to be ~1.2×10-4 Fm-2 (Ci=ε0εr/d, where ε0=3.9 and d=285 nm).  The 

theoretical estimate for the capacitance of SiO2 will provide us with a lower limit 

estimate for the calculated mobilities. Mobility measurements obtained under good ohmic 

contact (Figure 2.3.15 a and inset) show an average of 4.3 ± 0.8 cm2V-1s-1 for the multiple 

devices with film thicknesses ranging from single to multiple layers (Figure 2.3.15 b), 

which is within the range of reported experimental values for mechanically-exfoliated 

samples.  The measured ON/OFF ratios for the devices reach a maximum value of 6×106 

for the gate voltage in the range of -150 to 150 V and a source-drain bias of 5 V, 

comparable to measurements done by Radisavljevic et al.4.   
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Figure 2.3.15: Electrical properties of MoS2 films. a) Room-temperature characteristics 

of the FET devices with 5 V applied bias voltage. Inset: Drain current-voltage curves 

acquired for back gating voltages of -60, 0, 40 and 100 V representing a good ohmic 

contact. b) A summary of the mobility and ON/OFF ratio measurements on MoS2 FET 

devices, demonstrating a mobility range of 0.2 - 18 cm2V-1s-1 and a maximum ON/OFF 

current ratio of 6×106.  

 

To demonstrate the optical properties and device performance of the MoS2 films, 

photolithography was used to prepare electrodes on these samples for photocurrent 

measurements (Figure 2.3.16 a & b)). The photoelectric measurements are performed in a 

home-built electrical and environmental noise-reducing chamber, using a Stanford 

Research SR830 Lock-in Amplifier combined with an optical chopper for signal 

modulation and noise filtration. We measured the voltage dependence of the devices’ 

photoelectric response and calculated an ON/OFF ratio of ~10 and ~3 for single- and 

multi-layered devices, respectively (Figure 2.3.16 c & d). These results highlight a 

significant enhancement in the photocurrent response and photosensitivity of the single-

layered, as compared to the multi-layered samples. We also measured the wavelength 

dependence of the photo-current for wavelengths ranging from 750 nm down to 200 nm 

(Figure 2.3.16 e).  The experiments reveal photocurrent properties similar to those 

observed in single-layered and bulk samples65.  As shown in Figure 2.3.16 e, the 
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photocurrent signal drastically increases as the wavelength decreases to around 700 nm, 

corresponding to the absorption energy edge (~1.8eV) of single-layered MoS2.  

 

 

Figure 2.3.16: Phototransistors and Photocurrent measurements. a) FET device arrays 

prepared using lithography process. b) Phototransistors for photocurrent characterization. 

At a laser wavelength of 405 nm, the photocurrent response of the MoS2 films is 

measured for c) single-layered flakes and d) few-layered samples. For single-layered 

flakes, an ON/OFF current ratio of ~10 is demonstrated; for few-layered samples, this 

ratio was measured to be ~3. These results reveal a significant enhancement in the 
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ON/OFF current ratio for the single-layered devices. e) Wavelength dependency of the 

photocurrent in single-layered samples reveals the broad absorption band in this material. 

The onset of the photocurrent at ~700nm, as indicated by the dotted line, is associated to 

the bandgap energy of single-layered samples ~ 1.8 eV.  

 

In conclusion, our results demonstrate the vapor phase growth of MoS2 atomic layers by 

nucleation, growth, and grain boundary formation of single-crystalline domains. A 

straightforward method for the controlled nucleation of molybdenum disulfide and large-

area synthesis of films was demonstrated.  
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Chapter 3 

Point Defects and Grain Boundary 

Characteristics in MoS2 Structure 

“Reproduced with permission from Zhou, W.; Zou, X.; Najmaei, S.; Liu, Z.; Shi, Y.; 
Kong, J.; Lou, J.; Ajayan, P. M.; Yakobson, B. I.; Idrobo, J.-C. Nano Letters 2013, 13, 
(6), 2615-2622. Copyright 2013 American Chemical  Society." 
 

 

The introduction of large and diverse number of defects into the crystal structure of MoS2 

material is a natural consequence of chemical growth. Therefore, understanding the 

nature of disorder and their role in the physical properties of MoS2 is essential in its 

future developments. In this chapter we examine, point defects and grain boundaries, as 

two major sources of disorder in the atomic structure of MoS2. 

 

3.1 The Structure of Point Defects in MoS2 Atomic Structure 

 

Scanning transmission electron microscopy (STEM) imaging and spectroscopy analysis 

are performed on an aberration-corrected Nion UltraSTEM-100 operating at 60 kV. The 

convergence semi-angle for the incident probe is 31 mrad. Annular dark-field (ADF) 

images are gathered for a half-angle range of ~86–200 mrad. EEL spectra are collected 

using a Gatan Enfina spectrometer, with an EELS collection semi-angle of 48 mrad. The 

ADF images presented in this manuscript are low-pass filtered in order to reduce the 

random noise in the images. The ADF image shown in Figure 3.2.1a is prepared by 
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partially filtering out the direct spot in the FFT of the image. This filtering process helps 

to remove the contrast generated by the surface contaminations (Figure 3.1.2). 

 

Figure 3.1.1: Point, substitutional and grain boundary defects in MoS2. a) Several types 

of point and substitution defects shown here in these TEM images are commonly seen in 

CVD 2D MoS2. b) The most prominent types of defects commonly result in acceptor 

states deep below the conduction band of MoS2. 

 

 

Figure 3.1.2: STEM-ADF image of a grain boundary with 21o tilt angle. a) Low-pass 

filtered image. b) Image after low-pass filtering and partial filtering of the direct 

diffraction spot in the FFT, which aims to remove the contrast variation due to surface 

contamination. The light blue circles highlight the positions of Mo-oriented 5|7 
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dislocation cores at the grain boundary, and the orange circles highlight Mo-oriented 5|7 

dislocation cores with an S2 substitution. 

 

TEM samples are prepared using a standard PMMA-based transfer, where the samples 

are spin-coated and submerged in basic solutions such as KOH. Subsequently, acetone 

and DI water are used to clean the TEM grid, allowing for the suspension of the films in 

the solution and the transfer to TEM grids. We note that this method tends to damage the 

MoS2 film by creating small holes.  Samples for STEM analysis are prepared by placing 

the as-grown MoS2 films onto lacey-carbon TEM grids, and immersing them into 2% HF 

solution for 20 seconds. Most of the MoS2 films and triangles are then transferred onto 

the grid.  

 

Defects are inevitable to the growth of materials due to the imperfections of the synthetic 

process and this certainly applies to the growth of MoS2 atomic layers. The molecular 

configuration of MoS2 allows for six commonly observed types of point defects. These 

include monosulfur vacancies (VS), disulfur vacancies (VS2), vacancy complex of Mo and 

nearby three sulfur (VMoS3), vacancy complex of Mo and the nearby three disulfur pairs 

(VMoS6), and antisite defects where a Mo atom substitutes the S2 column (MoS2) or a S2 

column substitutes a Mo atom (S2Mo) (Figure 3.1.1 a). Based on density functional theory 

(DFT) calculations, in the whole range of S chemical potential, VS is found to have the 

lowest formation energy, while MoS2 and S2Mo antisite defects are among the highest 

formation energies under S-rich and Mo-rich environments, respectively. This calculation 

is consistent with the experimental observations, where VS is frequently observed in all 

samples, but antisite defects were only occasionally found. Simulations also show that 

point defects have effects on the electronic properties of MoS2. Both VS and VS2 

introduce two unoccupied deep levels about 0.6 eV below the conduction bands 

minimum (CBM) (Figure 3.1.1 b). The deep levels below the CBM for the VS and VS2 

vacancies act as compensation centers in n-type MoS2, which might be the origin of the 

omnipresent n-type conductivity in CVD grown MoS2. 

 

3.2 The Structure of Grain Boundaries in MoS2 Atomic Structure 
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GBs are one-dimensional (1D) defects in the lattice of 2D materials and mediate the 

transition from one crystalline orientation to another, which is a prominent type of defect 

in chemically grown MoS2
67. Our preliminary examination of these defects unveils two 

possible mechanisms of boundary formation in MoS2. In some instances, traditional grain 

boundaries consisting of chemical bonds between the two single-layered grains are 

formed and the in-plane growth stops. At times, the growth could proceed with the 

nucleation of a second layer at the boundaries (Figure 3.2.1 a & Figure 3.2.2), as seen in 

the pale blue stripe along the grain boundary between the green and blue grains shown in 

Figure 2.3.14 d indicated by the white arrow. This is a common feature even visible in 

optical images that can be used to distinguish the grain boundaries. The other mode of 

boundary formation occurs when one grain continues to grow on top of the other without 

forming chemical bonds between the two grains, resulting in an overlapped bi-layered 

region (Figure 3.2.1 b). The mechanisms of grain boundary formation can be explored by 

taking a closer look at the structure of the grain junctions in MoS2 atomic layers. 

 

 

Figure 3.2.1: Two modes of boundary formation. Grains with different orientations are 

indicated by red and blue lines.  a) Tradition grain boundaries involve the formation of 

chemical bonds between the two in-plane grains at the boundaries. The growth process 

can further extend through the nucleation of a new layer with crystal orientation similar 

or different from one of the original in-plane grains. b) Overlapped grain junctions are a 

mode of boundary formation, in which no chemical bonds between the two in-plane 

grains form and the two grains may grow on top of each other. This mode can be 
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distinguished from the traditional grain boundaries in a) through high-resolution electron 

microscopy imaging, where a discontinuity in the lattice structure of conventional grain 

boundaries is noticeable (see Fig. 4 in the main text).   

 

 

Figure 3.2.2: STEM-ADF images of the second MoS2 layer grown along the grain 

boundaries. a) Low magnification ADF image showing the formation of second layer 

along the grain boundary (highlighted). b) Atomic resolution ADF image showing the 

grain boundary covered by a second layer. c) Fourier filtered image of b) showing the 

position of one grain in the first layer. d) Fourier filtered image of b) showing the 

position of the other grain in the first layer and the second layer with the same 

orientation. The grain boundary is highlighted by the yellow dashed lines. 
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A combination of aberration-corrected STEM-ADF imaging and first-principles 

calculations based on density functional theory (DFT) was applied in order to provide an 

in-depth analysis of the atomic configuration at grain boundaries in single-layer MoS2. It 

has been well-documented that grain boundaries in graphene can be described as arrays 

of dislocations formed by 5|7 fold carbon rings43, 64. However, little is known about the 

detailed grain boundary structures in binary systems such as h-BN and MoS2
68, 69. 

Identification of the detailed atomic structure of dislocations and grain boundaries in h-

BN and MoS2 has been primarily a theoretical investigation68. Figure 3.2.3 a shows an 

atomically-resolved STEM-ADF image from a grain boundary with ~21o tilt angle in 

false colors. The darker atomic columns in Figure 3.2.3 a correspond to two S atoms on 

top of each other, while the brighter spots are single Mo atoms. A detailed analysis of the 

STEM-ADF image indicates that all dislocations at this observed grain boundary have the 

shortest Burgers vector (1, 0), following the same notation as Burgers vectors in graphene 

(Figure 3.2.4), which strongly suggests that removing or inserting a semi-infinite stripe of 

atoms along the armchair direction, can form these dislocations.  
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Figure 3.2.3: Line defects in the single-layered MoS2 films. a) STEM-ADF image of a 

MoS2 grain boundary with its common dislocations highlighted. b-c) Close-up of the 

regions highlighted in a The purple circles are Mo and yellow ones are S2 columns. d) 

Schematic of dislocations observed in MoS2 grain boundaries. e-f) Schematic of the Mo-

oriented 5|7 dislocation core and its S2 substituted counterpart corresponding to b and c 

respectively. The yellow, orange, and purple spheres represent top and bottom S and Mo, 

respectively. g) False-color dark field TEM image showing the presence of two adjacent 

grains.  The white solid line marks the grain boundaries, while the yellow dash line marks 

the overlapped grain junction. h) STEM-ADF image of an overlapped junction between 

two grains.  Inset: FFT of the image showing two sets of MoS2 diffraction spots. i) False-

colored FFT-filtered image of h) showing the distribution of the two grains in cyan and 

yellow. 

 

Figure 3.2.4: Burgers vector analysis of the MoS2 grain boundaries. a) A negative-

contrast STEM-ADF image of a 21o MoS2 grain boundary. b) False-color image of a), 

with Mo atoms highlighted. Burgers vectors are shown as black arrows, and are 

calculated by drawing Burgers circuits (shown as red and green lines) and by recording 

the vectors that would complete the circuits. Following the same notation for Burgers 

vector in graphene with hexagonal lattice, all dislocations have the shortest Burgers 

vector (1, 0) with the smallest energy, and with a magnitude proportional to its squared 

Burgers vector. The result strongly suggests that dislocations can be constructed by 

inserting or removing a semi-infinite stripe of atoms along the armchair direction in the 
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Mo-oriented lattice 

 

A closer look at the regions highlighted by the light blue and red rectangles in Figure 

3.2.3 a reveals the atomic configurations of the dislocation cores that are commonly 

observed at the MoS2 grain boundaries. The Mo-oriented dislocations consist of 5|7 fold 

rings (Figure 3.2.3 b) and their variations, with sulfur substitutions at one of the sharing 

Mo sites (Figure 3.2.3 c).  

 

Basic dislocation theory combined with DFT calculations were employed to understand 

the atomic structure and formation energy of the pristine and sulfur-substituted 5|7 fold 

rings. Due to the unique triple-layered structure of MoS2, the dislocation cores extend 

three-dimensionally, with two layers of five-fold or seven-fold rings joining at Mo sites 

in the middle layer (Figure 3.2.3 d, e, & f). The rings are comprised of a Mo-oriented 

dislocation core structure formed by fifteen atoms, with two Mo atoms constituting a Mo-

Mo bond shared by the 5- and 7- fold rings (Figure 3.2.3 e). In each Mo-oriented 5|7 

dislocation, there are five distinct Mo sites that could be substituted by S atoms (Figure 

3.2.3 e).  At Mo sites 1, 4, and 5, six S-S homo-elemental bonds are introduced after S2 

substitution (i.e. two S atoms replacing one Mo), while the shared Mo-Mo bond in the 

middle remains unchanged. In contrast, for S2 substitution at the middle Mo sites 2 and 3, 

the Mo-Mo bond is replaced by two Mo-S bonds, and only four S-S bonds are generated, 

making this type of S2 substitution energetically favorable (Figure 3.2.3 f).  In sulfur-rich 

conditions, the formation energies for the S2 substitution at Mo sites 1-5 are 5.2, -0.8, -

0.9, 1.0, and 1.5 eV, respectively. With the lowest negative formation energy, the S2 

substitution at Mo site 3 is the most stable among the various possible structures, 

consistent with our experimental observations (Figure 3.2.3 c).  

 

The total energy first-principles calculations are performed using density functional 

theory (DFT) within the local density approximation (LDA) and the projector-augmented 

wave (PAW) method, as implemented in Vienna Ab-initio Simulation Package (VASP) 8, 

9,66. The grain boundaries (GBs) are modeled with similar tilt angle (~ 21°) as those in the 

experiment. The periodic models incorporate oppositely-aligned Mo-oriented 5|7 in a 
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large supercell. The in-plane lattice parameters are roughly 34 Å and 11 Å in the 

perpendicular direction and along the GBs, respectively. Between the layers, a vacuum 

layer of 12 Å is introduced and in all structures, a plane-wave-based total energy 

minimization scheme – 1×3×1 Monkhorst-Pack k-point mesh centered at the Γ- point 

with an energy cutoff of 280 eV – is applied 70 until the force on each atom is less than 

0.01 eV/Å. 

 

Formation energies for S2 substitution are defined by: 

∑∆−−= −−
i

iiMosubSf nEEE µ7|52  (3.2.1) 

Here, 
subS

E −2  and 7|5−MoE  are the total energies of S2-substituted and un-substituted Mo-

oriented 5|7s within similarly-sized supercells, respectively; 
i

n∆  and 
i

µ are the change in 

the number of atoms and the chemical potentials of species i, for Mo or S. In 

thermodynamic equilibrium with the MoS2, Mo
µ  and 

S
µ  satisfy the 

equation
SMoMoS

g µµ +=2 , where 2MoS
g  is the Gibbs free energy of an infinite MoS2 

sheet per unit molecule. The formation energies are calculated under the S-rich condition, 

taking chemical potential of the bulk-S as reference.  

 

In addition to the aforementioned traditional grain boundaries, overlapped junctions may 

also form when two MoS2 grains merge. Figure 3.2.3 g shows a false-color DF TEM 

image from two grains with 30o rotation. As a result of the formation of in-plane covalent 

bonds, the red and green grains form grain boundaries in the upper part, while in the 

lower part of the junction, the two grains continue to grow on top of each other, forming 

a bi-layered overlapped region at the junction. A closer look at such overlapped junction, 

Figure 3.2.3 h, exposes the distinct Moiré pattern, which, combined with the two sets of 

six-fold symmetry diffraction spots (shown in the inset), corroborates the claim that only 

two grains are present in this region. Fourier filtering each set of diffraction spots allows 

the spatial extension of the grains to be mapped out (Figure 3.2.3 i). The Fourier filtering 

mapping suggests that the two layers continue to grow on top of each other without 

forming any in-plane chemical bonds. Consequently, the interaction between these grains 

at the overlapped junctions could be mediated by weak van der Waals forces.  Moreover, 
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Figure 3.2.3 g demonstrates that the formation of conventional grain boundaries and the 

overlapped junctions are competing processes, but a clear dependence on the degree of 

lattice orientation mismatch in the two grains was not observed in our experiments.  

 

.  

Figure 3.2.7: STEM-ADF imaging of an overlapped junction between two monolayer 

MoS2 grains with 17o rotation. a) Low-pass filtered ADF image. b) FFT of the image 

showing two sets of MoS2 diffraction spots with 17o rotation. c) FFT-filtered image using 

one set of diffraction spots highlighted in cyan in b). d) FFT-filtered image using one set 

of diffraction spots highlighted in yellow in b). Note that there is no discontinuity in the 
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lattice structure within each grain at the junction point, confirming that the two layers 

continue to grow on top of each other without forming in-plane chemical bonds. e) False-

color FFT-filtered image constructed from c) and d). f) Magnified view of the highlighted 

region in e) showing the distinct Moiré fringes generated from the overlapping of the two 

grains.   

 

When grains meet, their coalescence leads to formation of grain boundaries composed of 

dislocations arrays of pristine and sulfur-substituted 5|7-fold rings (Figure 3.2.3)66. The 

rings comprise Mo-oriented dislocation core structure formed by fifteen atoms, with two 

Mo atoms constituting a Mo-Mo bond shared by the 5- and 7-fold rings. There are five 

distinct Mo sites that could be substituted by S atoms in each dislocation. However, 

besides the conventional 5|7-fold rings, other core structures such as 4|4, 4|6, 4|8, and 6|8 

fold rings can also be observed (Figure 3.2.7 a-d).  Taking 5|7 structure as the basic 

dislocation core structure, one can generate the 6|8 structures by the addition of 

monosulfurs or disulfurs into the Mo−Mo bonds, and 4|6 structures can be derived from 

S-oriented 5|7 structures by removing 2 S atoms, which are energetically favorable under 

S-rich and Mo-rich conditions, respectively. These diverse set of dislocation cores can 

show varied properties. The ideal 4|4 grain boundaries show perfect metallicity, however, 

kinks can induce significant disturbance to the electronic behavior of the grain 

boundaries. In the extreme case of 4|8 grain boundaries, localized mid-gap states right 

above the top of MoS2 valence band will be introduced. The structural richness of point 

defects and grain boundaries in MoS2 suggest exciting possibilities of controlling the 

defect characteristics and the local properties in MoS2. This motivates our studies to 

better understand the direct influence of defects such as grain boundaries on electron 

transport properties of 2D MoS2.  

 

Detailed examination of dislocation cores in MoS2 unveils an anticipated diverse and rich 

group of structures with varied effects on the band structure of this material. We 

determine four major dislocation cores in the grain boundaries of MoS2 that typically 

result in deep acceptor energy states in the forbidden gap of MoS2 band structure (Figure 
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3.2.7). As a result these types of defects result in trapping of charge carriers and enhanced 

local scattering.     

 

 

Figure 3.2.7: Atomic structure of small angle grain boundaries in monolayer MoS2. a) 

and b) are the zoom-in view of the 5|7 and 6|8 structures. c, d) STEM-ADF images of a 

17.5˚ grain boundary consisting of dislocations with four- and six- fold rings (4|6), either 

pristine b) or with Mo-substitution d). The corresponding 2D and 3D structural models 

for the various dislocation structures are placed by the side of the ADF images.  

 

 

Figure 3.2.8: Effect of grain boundaries on the electronic properties of MoS2. In the left 

panel, the Fermi level is set to zero and the faded areas correspond to the localized energy 
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bands mainly contributed by the grain boundaries. The electrons occupying these deep 

levels are highly localized and do not contribute to the conductivity, through thermal 

activation. Hence, these states serve as undesirable carrier sinks and degrade the device 

performance.  Right panel schematically shows the partial charge density distribution 

corresponding to the energy range -0.5 to 0.5 (eV). 

 

The other common type of grain boundaries in 60o lattice orientation mismatch grain 

junctions is a variety of 4|4- and 4|8- ring structures that result in energy states that span 

the forbidden gap originating metallic states along the grain boundary.  

 

In summary we investigate the intrinsic structural defects in MoS2. We examine and 

reveal a variety of point defects and their role in the electronic band structure of MoS2. 

We demonstrate that the coalescence of the grains leads to the formation of grain 

boundaries composed of arrays of dislocations of pristine and sulfur-substituted 5|7 fold 

rings. We also unveil that alternatively, some grains join by simply growing on top of 

each other without forming any chemical bonds. The high quality of the MoS2 atomic 

layers, exemplified by their electrical performance, presents a significant step towards 

scalable preparation of this material. 
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Chapter 4 

Electrical Transport Properties of 

Polycrystalline Mono-layer Molybdenum 

Disulfide 

“Reproduced with permission from Najmaei, S.; Amani, M.; Chin, M. L.; Liu, Z.; 
Birdwell, A. G.; O’Regan, T. P.; Ajayan, P. M.; Dubey, M.; Lou, J. ACS Nano 2014, 8, 
(8), 7930-7937. Copyright 2014 American Chemical  Society." 
 

The effort in development of new MoS2 synthetic approaches is always accompanied by 

sources of defect15-18, 24. Previous research on the role of grain boundaries in the transport 

properties of 2D materials shows considerable diversity32. For instance, the theoretical 

examination of their role in graphene predicts two distinct behaviors based on different 

grain boundary structures71. Li et al. demonstrated the collective role of grain boundaries 

in the transport properties of graphene by controlling the grain size from 6 µm to 

20 µm59. These results show that the charge carrier mobility of samples decreases 

roughly by two-fold as the grain sizes decrease in this range. Additional experiments on 

graphene samples synthesized through different synthetic routes suggest that sample 

preparation may have an even more important role in electron transport across grain 

boundaries32.  These results show that growth conditions may dominate the quality of 

grain boundaries formed. For instance, slower graphene growth results in larger grain 

sizes, however the layers are often discontinuous across grain boundaries. For this reason, 

electron transport across grains made from this growth process show higher degradation 

in transport properties of graphene.  
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As discussed in the previous section poly-crystallinity in MoS2 films shows similar 

complexity in GB structures, and different forms of line-defects have been observed66. 

We shoed that, in addition to conventional GBs, bi-layer growth with imperfect bonding 

is also possible15. Additionally, since the kinetics of nucleation and growth in CVD-MoS2 

is diverse, examining the effects of GBs in large area polycrystalline samples at different 

landscapes is essential to a fully comprehend its role.  Recent reports on the electron 

transport characteristics of individual grain boundaries in MoS2, examining merged 

single-crystalline domains have demonstrated unexplained and preliminary results24. But 

detailed measurements on more diverse sets of grain boundaries and understanding the 

underlying mechanisms of scattering involved in these GBs remain. 

 

In this section, we explore field-effect transport characteristics of CVD-MoS2 with a 

focus on the role of GBs. We study the field-effect characteristics of polycrystalline 

large-area MoS2 films to elucidate the average role of irregular GBs in the electron 

transport. To gain insight into these results, we examine two common MoS2 GB types 

and determine that only tilt boundaries have a degrading effect on the MoS2 electrical 

transport. Through temperature dependent studies of the GBs we explore the mechanisms 

of transport and charge carrier localizations and provide a comprehensive understating of 

the GB related transport characteristics of MoS2. 

 

To study the collective effect of GBs on the electrical performance of CVD MoS2, one 

must control and quantify the density of line defects. Li et. al. designed such experiments 

based on controlling the grain sizes in the films59. A systematic control of grain sizes in 

MoS2 is not fully developed and consequently we introduce two alternative approaches 

for control of line-defect densities: 1-stochastic variation of line-defect densities in 

similar channel length device, 2-control of channel length for systematic variation in the 

line-defect densities. We utilize these two approaches as complementary to each other 

and apply them to examine the statistical transport behavior across polycrystalline 

samples. For both of these approaches one first needs to develop a line-defect density 

quantification approach and second to substantiate the controlled nature of changes in the 
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line-defect densities. A common aspect of large area MoS2 films, conformed by electron 

microscopy is the growth of secondary layers at the point of GB (Figure 4.1 a & b). Many 

macroscopic tools such as scanning electron microcopy, optical macrographs, and Raman 

microcopy can be used to identify these features (Figure 4.1 c, d & e)44. Assuming that 

the formation of secondary layer stripes at the grain boundaries are uniform across the 

films; one can use this easily quantifiable characteristic as an indirect measure to acquire 

a rough estimate of line-defect density in the films. We approximate the line-defect 

density by measuring the total length of these observable line defects, normalized by the 

total area of their channels (Figure 4.1 f). We fabricate seven devices with varied channel 

lengths and characterize their line defect densities. Field effect transistor (FET) devices 

with variable channel lengths are made by photolithography process using LOR5B as an 

adhesive layer and photoresist S1813, mask aligner (SUSS Mask Aligner MJB4), and O2 

reactive ion etching (RIE, Phantom III).  The photoresist is removed by acetone and PG-

REMOVER.  The electrodes (Ti/Au, 4nm/40nm) are deposited using an e-beam 

evaporator.  All electrical measurements are performed in a Lakeshore probe station 

under vacuum conditions (< 10-5 Torr). These devices were analyzed using either an 

Agilent B1500A or Keithly 4200 Semiconductor Device Analyzer.  In each device, the 

large-area MoS2 films were patterned into ribbons and FET transistors with different 

channel lengths prepared using conventional photolithography and metallization 

processes. We observe a systematic change in average line defect density of these devices 

as illustrated in Figure 4.1 f. It is evident that the nominal line-defect density increases 

with the channel length and reaches a saturation level close to 15-20µm (Figure 4.1 f), 

which is roughly equal to the estimated grain sizes for the MoS2 films15.  The results 

presented in Figure 4.1 f serve as the basis for our study of average GB effects in MoS2 

transport properties.   
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Figure 4.1: Quantification of line defect density and its channel length dependency in 

MoS2 devices. a) Large-area films suitable for study of collective role of grain 

boundaries. The arrows highlight instances of overlay growth, commonly seen at grain 

boundaries. b) Close examination of secondary layer growth, a common feature of grain 

boundaries, using dark field transmission electron microscopy. c) and d) The SEM and 

optical image of the device designed for the channel length dependency measurements. c) 

Corresponding Raman mapping of the same locations, showing the distributions of the 

grain boundaries in the film, noted by the dashed line. e)  The estimated density of line 

defects (0.14 µ-1) in a typical MoS2 ribbon. f) The channel length dependency of the 

estimated line defect density. 

 

We conducted transport measurements on FET devices with a similar channel length of 

18 µm, and demonstrate that both mobility and on-state current decrease as a function of 

the increase in line defect density (Figure 4.2 a). In all measurements, we estimate the 
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charge carrier mobility in these devices using the equation ( )[ ]/ / (d d
ds bg i ds

I V L WC Vµ = ×   , 

where L and W are the channel length and width.  The capacitance between the channel 

and the back gate per unit area is estimated to be ~1.2×10-4 Fm-2 (Ci=ε0εr/d, where ε0=3.9 

and d=285 nm).  The estimated mobilities in the presented range of line defect densities 

vary from 2 to 4 cm2/Vs (Inset Figure 4.2 a). Field-effect characteristics of devices with 

varied channel lengths showed similar characteristics (Figure 4.2 b). The mobility 

measurements show an average decrease by roughly 50% as the channel length increases 

from 3 to ~30 microns which corresponds to changes in line-defect density 0.1 to 0.2 µ-1. 

The measurements also show a decrease of roughly one order of magnitude in the on/off-

current ratios in the same defect density range changes (Figure 4.2 c). As the channel 

length increases, the trend of changes in the transport properties closely follow the 

changes in the line defect density and reach a plateau region beyond 30µm length scales 

where the line-defect density saturates.  

 

 

Figure 4.2: Transport properties of MoS2 as a function of channel length and line defect 

density. a) Field-effect characteristics of devices with similar cannel length of 18 microns 

but with varied estimated line defect densities. Inset represents the calculated mobilities 

for these devices as a function of line defect density. b) and c) Estimated changes in the 

mobility and on/off ratio of devices as a function of channel length.  
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The study of channel length dependency in MoS2 single crystals by Liu et al. details the 

short channel effects on the transport properties of MoS2
66. They reveal that, for channel 

lengths larger than ~ 1 µm, the mobility and on/off ratio are expected to saturate at a 

constant value, as the transport is predominantly in the diffusive regime66. Given that the 

impurity concentration and trapped charges on the substrate have roughly uniform 

concentration across the channel, it can be deduced that the observed changes in our 

experiments are largely due to the increased density of line-defects introduced by the 

GBs. It is known that grain boundaries play an important role as scattering centers that 

degrade the charge carrier mobility in materials. Previous calculations on the static 

electronic structures of various grain boundaries in MoS2 show that the presence of local 

states deep inside the gap at Mo sites along the grain boundaries act as charge traps that 

undermine the electronic transport of MoS2. These scattering centers mitigate the 

mobility of charge carriers in the samples in an expected way while the local changes in 

the band structure induced by the defects degrade the gating process and reduce the 

on/off-current ratio. Additionally, the trapped substrate charges and local interaction 

variations among the devices are also of high importance, influencing the measured 

transport properties. However, as it is evident our results contain large error and for more 

deterministic answer to the role of grain boundaries one needs to explore their individual 

role.  

 

Previous studies, show that through the regulation of the CVD parameters, the nucleation 

in MoS2 samples can be controlled to form low density (separated or merged single-

crystal triangles, Fig S1a)15. This allows for the formation of a variety of samples that are 

different in nucleation, growth, and consequently GB types. Accordingly, to acquire a 

comprehensive knowledge of the grain boundary effects on the electrical transport 

properties of MoS2 it is seminal to examine these GB variations. It is known that two 

main grain boundary types – tilt and 180o twin – are present in aggregates of MoS2 single 

crystals66. However, a variety of these boundaries based on differences in tilt angle and 

termination elements at the grain boundary are possible. The previous measurements 

show a slightly higher conductivity and off-current for devices made parallel to the 180o 

twin boundaries but almost no change in measurements across the twin GB is observed24. 
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They also demonstrate a decrease in conductivity as a result of tilt GBs. To better 

understand the role and the origin of electron scattering in MoS2 GBs, we first fabricate 

several devices, at least four for each category, that contain only a single GB (Figure 4.3 

a & b), and assess their field effect characteristic and electrical transport properties and 

compare with devices made on single crystals. Electron-beam lithography was used to 

fabricate these hall bar devices. Electron resists MMA/PMMA as bilayer resist process 

was used for all steps. The MoS2 layer was patterned using a low-power ICP-RIE etch in 

a CH4/O2 plasma and source and drain contacts were formed via e-beam evaporated 

Ti/Au (15/85 nm). In Figure 4.3 a (tilt) and b (180o twin), examples of different MoS2 

GBs examined in our experiments are demonstrated. This classification is based on their 

likely structure determined through comparison of the orientation of the merging 

triangular domains. It has been shown that the crystal orientation in each domain is 

parallel to the edges66; therefore the type of GB can be estimated from the domain 

mismatch angle. However, in this type of analysis the information about the domain 

termination atoms is overlooked. Additionally Raman and PL measurements were 

performed for several samples both before and after fabrication of the Hall bar devices in 

order to track the impact of processing on the quality of the material. Micro-Raman and 

photoluminescence (PL) measurements were performed with a WITec Alpha 300RA 

system using the 532 nm line of a frequency-doubled Nd:YAG laser as the excitation 

source.  The spectra were measured in the backscattering configuration using a 100x 

objective and either a 600 or 1800 grooves/mm grating.  The spot size of the laser was 

~342 nm resulting in an incident laser power density ~140 µW/µm2. This laser power was 

found to be sufficiently low to not cause any shifting in the both the in-plane and out-of-

plane modes of the Raman signature.  

 

Figure 4.3 shows high resolution maps of the in-plane (E') Raman mode that is analogous 

to the E1g in the bulk, together with the A exciton PL peak of two finished devices built 

both perpendicular and parallel to grain boundaries. A blue shift and slight reduction in 

the PL intensity indicating compressive strain and/or doping effects (1) were observed in 

the defect regions. Surprisingly, we observe a significant reduction in the intensity of the 

A exciton peak, which is now comparable to that of the B exciton. However, there is no 
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significant shift in the position of the A exciton as a result of processing. On the other 

hand, very little change is observed in the Raman peak positions before and after 

processing. Grain boundary regions are found to show a three quarter wave number 

hardening of the in-plane (E2g) mode and a quarter wave number hardening of the out-of-

plane mode (A1g), this is found to be preserved after processing within our measurement 

error. In addition, there is no measurable change in the peak separation as a result of 

processing.  

 

 

Figure 4.3: Raman and PL characterization of devices. Maps showing Raman in-plane 

mode (E2g) intensity (a-b, 1) and peak position (a-b, 2) as well as the intensity (a-b, 3) and 

position (a-b, 4) of the A exciton PL peak. The spectra were measured for the devices 

shown in figure 2a  (a, 1-4) and figure 2b (b, 1-4). 

 

Our statistical analysis of several devices studied in each category reveals two very 

distinct transport behaviors. The devices made on these samples have a channel width of 

1 µm and lengths ranging from 2-5µm.  The four probe conductivity measurements for 

several devices are shown in Figure 4.4 c. Our results show that tilt grain boundaries are 

the only type with a significant effect on the electronic transport of MoS2. These results 

show an average field-effect electron mobility of 12.1±2.1 cm2/Vs and 6±1.1 cm2/Vs for 

pristine samples and samples with tilt GBs, respectively. This demonstrates a reduction in 
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field-effect mobility by half in the presence of the tilt grain boundaries. In contrast, the 

devices made on 180o twins show little or no impeding effect on the MoS2 electronic 

transport. A closer look at the off-current and the threshold gating voltages for these GBs 

also shows a behavior similar to the pristine samples (Inset Fig Figure 4.4 c), indicating 

the absence of – or small – doping effects in the materials as a result of the grain 

boundaries. Since tilt GBs seem to play a more important role in influencing the transport 

property, we next take a more detailed look at their behavior.  

 

Figure 4.4: Role of individual grain boundaries in electronic transport of MoS2, a) Three 

representative devices for the study of grain boundaries’ transport properties. b) Four 

probe electrical transport transfer curves acquired for the devices presented in Part a and 

pristine MoS2 samples; inset shows the logarithmic scale of the two types of grain 

boundaries and pristine curves, demonstrating their relative off-current characteristics. c, 

Two probe electrical transport curves for tilt grain boundaries, measured across (┴) and 
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parallel (||) to the grain boundaries; inset demonstrates their logarithmic-scale, off-current 

characteristics.    

 

We perform two-probe transport experiments to probe the electronic transport across and 

parallel to the tilt boundaries in order to delve in to the underlying physics of tilt GBs. 

The measurements for the two representative devices as compared to pristine sample are 

presented in Figure 4.4 d. Electron transport along the tilt boundaries is more influenced 

by the scattering effects than electron transport across them. Our measurements on 

several devices from each type shows that the average charge carrier two-probe field 

effect mobilities are 4.2 ±0.9 cm2/Vs and 2.0±0.2 cm2/Vs for transport across and along 

tilt grain boundary, respectively, as compared to 5.8±0.3 cm2/Vs in the pristine samples. 

To explain the observed behavior one can rely on the intrinsic scattering properties of 

GBs related to the changes on the lattice potential as electronics move from one grain to 

the other. However, this would not explain the behavior of parallel devices in which one 

can assume two parallel channels one in each grain. It is also hard to assume that a line of 

atomic defects parallel to the conductive channel can dominate the transport in a device 

with a 1µm wide channel. This is why we hypothesize that the observed effects are a 

result of intrinsic and extrinsic scattering centers accumulated at the tilt grain boundaries. 

Further analysis is needed to prove and identify the sources of such extrinsic effects.  

 

The examination of the off-current characteristic of the varied orientation device on tilt 

GBs shown in the inset of Figure 4.4 d using logarithmic scale, shows that the threshold 

gate voltage decreases from pristine MoS2 to samples with tilt grain boundaries. We 

measure a gate threshold voltage of 10±1, 4.2±0.5, and -2±0.6 volts for devices made on 

pristine, across, and along the tilt grain boundaries, respectively. This behavior suggests 

an increase in n-type charge carrier in MoS2 samples containing tilt grain boundaries, 

more so in the devices made parallel to them. One can estimate the changes in doping 

levels using n=ε0εVg/te where ε0 and ε are the permittivities of free space and SiO2, 

respectively; Vg the gate voltage, e is the electron charge and t is the thickness of SiO2 

layer (285 nm). The average increase in donor doping levels in devices made across and 

along the tilt grain boundaries as compared to pristine MoS2 is estimated to be 4.6×1011 
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cm-2 and 9.3×1011 cm-2, respectively. Understanding this observed feature associated with 

tilt grain boundaries in MoS2 atomic layers could shed light into their important 

electronic degradation mechanism for defect engineering in future devices.  More 

measurements are sown in the Table #. 

 
Class Device ID 4-Probe 

Mobility 
(cm2/Vs) 

2-Probe 
Mobility 
(cm2/Vs) 

2-Probe VT 

(V) 

Pristine C4 
G3 

14.2 
10.0 

5.6 
6.1 

8.4 
12.2 

 
 

Tilt GB (┴) 

B1 
D3 
F6 
E5 
H4 

3.9 
6.4 
- 

7.7 
- 

3.0 
3.2 
4.6 
7.2 
2.8 

6.3 
5.7 
-3.3 
6.3 
-2.6 

 
Tilt GB (||) 

H1 
D1 
F2 
I3 

- 
- 
- 
- 

2.6 
1.4 
21 
2.0 

-6.6 
3.5 
-4.0 
-8.8 

GB 
(180o twin (┴)) 

B5 
F5 
D4 

13.8 
15.5 
36.3 

4.5 
12.7 
9.6 

3.9 
10.9 
12.1 

180o twin (||) D5 10.1 5.5 4.9 
 

Table 4.1: Results for all working devices. Our measurements on multiple devices from 

each class. These measurements were performed in four- and two- probe configurations 

and the results for working devices are given below, the threshold voltage is given only 

for two-probe measurements. The sign ┴ represents the measurements across grain 

boundaries while || is for measurements along the grain boundaries. 

   

The origins of charge carrier types in MoS2 are an unresolved issue and the domination of 

either type of charge carrier has been observed in CVD-grown samples 72. It is known 

that the sulfur vacancies in this material result in deep mid-gap donor states below the 

conduction band 30. This may be an explanation for both the disordered transport and the 

doping levels seen in these samples (Figure 4.5) . To further conform this we examine the 

temperature dependent transport behavior in these samples. The results summarized in 
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Figure 4.6 a, b, & c can be used to identify the nature of electronic states and the role of 

tilt grain boundaries.  

 

Figure 4.5: In the top figure, the device configuration is shown: the lighter blue regions 

contain more sources of disorder, assumed to be resulting from point defects. In the 

bottom figure, we compare the density of point defects accumulated in the device channel 

A made vertical to, and B parallel to, the grain boundary. In general, the density of point 

defects in A is always smaller than in B, as the area a/A is always smaller then b/B. 
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Figure 4.6: Temperature dependency of Field Effect Characteristic. Temperature 

dependent field effect characteristics measured using the two probe configuration of a) 

pristine samples. b) across tilt grain boundaries. c) along tilt grain boundaries. d) Gate 

voltage dependency of activation energy.  

 

It is evident from the temperature dependency if carrier mobilities that the transport is 

dominated by hopping mechanism and mobility decreases as it is being cooled (Figure 

4.6 d, e, & f). It is evident that in all cases the transport has a general behavior where at 

low temperatures, below a critical temperature T*; the conductivity is weakly sensitive to 

temperature.  However, beyond T*, the conductivity becomes gradually more responsive 

to temperature changes. Additionally, the changes in charge carrier density through 

electrostatic gating show a complementary role through screening property changes. The 

observed behavior is common in highly disordered systems and can be explained through 

Anderson’s model. This approach introduces random potential wells into the periodic 

potential of the material. The density and depth of these potential wells determine the 

nature of disorder and as they are increased the electronic wave function in the material 

becomes localized. This localization is strengthened as the density and depth of potential 

wells are increased. Free electrons are then trapped in these localized states, right below 

the conduction band. At low temperatures the electrons do not contribute to the transport 



 77 

and play the role of scattering centers. As the temperature is increased the electrons can 

escape these states and contribute to the current in an activated manner. With this picture 

in mind, one can arrive to a variable range and nearest neighbor hopping transport 

mechanism for low and high temperature regimes, respectively. The following 

relationships can be therefore derived to express the temperature dependency of the 

conductivity.  
*

TT <  ])/(exp[~ 3/1
1 TT−σ   (4.1) 

   *
TT >   )/exp(~ 0 TT−σ     (4.2) 

 

The two temperature coefficients T0 and T1 are important in describing the nature of 

localized states. Using these relationships one can summarize and express the 

observations in Figure 4.6 by expressing the gate voltage dependence of the temperature 

coefficients (Figure 4.7).  

 

 

Figure 4.7: Temperature coefficients for low and high temperature regimes. Comparison 

of temperature coefficients extracted from the relationships derived from Anderson and 

Mott model for high temperature regime a) and low temperature regime b). 

 

Clearly, as the carrier densities are increased electrostatically, both temperature 

coefficients decrease. This is because at high charge carrier densities, screening effects 

mitigate the role of localized states. However, generally a considerable increase in T0 can 

be seen as we move from measurements on pristine samples to vertical and parallel to the 
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tilt grain boundaries. The relationship, KBT0=(Nµa
2
)

-1 explains the relationship between 

activation energy and parameters of localization model, Nµ the density of states at the 

Fermi energy and a the average spacing between potential wells. If we assume that the 

density of states at the Fermi level does not change significantly, we can attribute the 

changes seen between measurements on the GB as compared to pristine samples to the 

decrease in average spacing of potential wells. This decrease, for Vg=20V, translates to 

an increase in density of potential wells by ~4.9×1012 cm-2 and ~1.3×1013 cm-2 for 

vertical and parallel to tilt GB devices, respectively. Next we focus on understanding the 

nature of scattering centers and the random potential wells introduced by them.  

  

Electron microscopy of the natural samples shows that they contain large enough sulfur 

vacancies that can explain the localized and activated transport characteristics in MoS2
30. 

Several other papers, in contrast, argue that extrinsic substrate doping is of higher 

importance in terms of charge carrier density and scattering properties in MoS2. They 

demonstrate that the nature of charge carriers in MoS2 is closely related to the trap states 

in SiO2 which can contribute significantly to the conductivity of the material if they are 

close to its conduction or valence band. These observations provide two explanations for 

the sources of doping and scattering in the material. However, in the case of CVD MoS2 

the density of defects is unsurprisingly higher then natural crystals67. If the source of 

scattering is the sulfur vacancies then one can only explain the observed behavior by 

assuming a uniform distribution of sulfur vacancies in the CVD MoS2 and a higher 

concentration accumulated at the GBs. This is in agreement with the previous observation 

of instability and rapid decomposition close to MoS2 grain boundaries at elevated 

temperatures (350K)46. This explanation is also suitable to explain the anomalous 

behavior observed in devices parallel to the line defects, where, despite the absence of 

line defects in their direct path, they seem to have an even more prominent effect on the 

transport. This way the devices with channels fabricated parallel to the line defects 

contain higher average densities of point defects as compared to devices made across 

grain boundaries. This can be further explored by examining T1 gate voltage dependence 

and its relationship with T0. We observe that as expected, for all configurations, T1 
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decreases as Vg is increased. However, the optimum hopping distance results in the 

following relationship between T1 and T0. 

 

   
2
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27








=

ξπ

aT
T   (4.3) 

 

where ξ is the localization length. The average localization length for sulfur vacancies 

estimated using density functional theory is about 6Ao30. Using the values acquired in 

figure 5 and ξ  for sulfur vacancies we can estimate the T1/T0 ratio to test how the model 

fits the experimental results. The calculated T1/T0 ratios acquire values31, 73, 74 for pristine, 

across, and along the tilt grain boundaries, respectively. The empirical values extracted 

from figure 5 for Vg=20V are 69, 52, 33, which agree well with the calculated values. As 

one can see the small discrepancies between the calculated and experimental results 

become significantly larger as the charge carrier density is increased at higher Vg. This 

deviation from the hopping model at higher charge carriers is expected since screening 

effects localized mitigate the effects of localized states at higher electrostatic gating.     

 

In summary, a comprehensive study of the structure and role of grain boundaries in the 

transport properties of MoS2 atomic layers was discussed. The common point and line 

defect structures were identified and explored. By examining the collective and 

individual role of line defects in polycrystalline MoS2 films we provide a great deal of 

insight into the role and mechanism of charge carrier scattering. We estimate an average 

decrease by half in the magnitude of mobility in our devices corresponding to an increase 

in the line defect density by 0.1µ-1. By investigating a variety of grain boundary types, we 

observe that only tilt grain boundaries have a significant effect on the mobility and 

transport characteristic of MoS2. Further examination of devices made along and across 

these tilt boundaries reveals an anomalous behavior and a significant level of n-type 

doping. Low temperature electrical transport measurements conforms a hopping 

mechanism for electron transport in these samples that can be well explained with 

Andersons model for disordered systems. From these observations, we conclude that the 

distinct features in tilt boundaries are more likely caused by accumulation of point or 
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other structural defects at these grain boundaries. This comprehensive study illustrates the 

extent and limitations imposed by grain boundaries in the electronic transport properties 

of polycrystalline MoS2 atomic layers.   
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Chapter 5 

Substrate Defects and Interface Engineering 

“Reproduced with permission from Najmaei, S.; Zou, X.; Er, D.; Li, J.; Jin, Z.; Gao, W.; 
Zhang, Q.; Park, S.; Ge, L.; Lei, S.; Kono, J.; Shenoy, V. B.; Yakobson, B. I.; George, 
A.; Ajayan, P. M.; Lou, J. Nano Letters 2014, 14, (3), 1354-1361. Copyright 2014 
American Chemical  Society." 
 

Recently, atomically thin two-dimensional monolayers of MoS2 have attracted 

considerable research interest due to their appealing electrical and optical properties4-6, 8-

10.  Reasonable carrier mobility, 1-40 (cm2/Vs), superior immunity to short channel 

effects75, and excellent photo-response6 renders MoS2 an ideal candidate for ultra-thin 

electronics and photo-detectors.  Due to the presence of a direct bandgap in the electronic 

structure of MoS2 and a consequentially higher on-off current ratio, it is a more suitable 

material for field effect devices as compared to graphene.  Additionally, the existence of 

exotic physics of highly correlated systems such as valley-electronics8-10, defect-induced 

magnetism76, and metal insulator transitions  in MoS2 promise possibilities beyond the 

aforementioned traditional semiconducting applications.  Consequently, considerable 

research efforts have recently been made in large area synthesis and device prototyping 
15-18, 24, 56.  In order to realize MoS2-based devices, it is equally important to design 

strategies to control and tune its electrical and optical properties.  In this effort, most of 
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the attention has been focused on understanding top-gating mechanisms using high 

dielectric materials in order to screen substrate charge effects and enhance the gating 

process4, 77, 78.  However, little has been done to understand, control, and modulate the 

electrical and optical properties of MoS2 atomic layers by manipulating its substrate 

interactions. 

 

5.1 Interface Role and Interface Engineering  

 

Interface engineering has long been explored in two-dimensional electron gas systems 

and organic semiconductors as avenues for the development of new physics79.  Previous 

studies on graphene suggest that the electrical properties of this 2D material can be 

tailored using its interaction with different substrate species79.  Properties of MoS2 are 

also not independent of substrate effects, and recent reports have indeed shown that the 

electrical properties of MoS2 can be greatly influenced by the characteristics of its 

underlying substrate79.  A theoretical study by K. Dolui et al. suggests that, depending on 

the surface conditions, MoS2 on an SiO2 substrate can show either p- or n-type carrier 

behavior72.  It is believed that charge traps on the SiO2 surfaces and random natural 

defects, namely siloxane (Si-O-Si) and silanol (Si-OH) groups, as well as impurity atoms 

such as sodium or potassium, mainly contribute to the variations in the electrical 

properties72. However, experimental realizations of such effects giving insight into the 

interface properties still remain. 

 

In this chapter, we report a surface-chemistry-based approach to effectively control the 

electrical and optical properties of MoS2. We explore the SiO2 gate oxide surfaces, 

functionalized with various self-assembled monolayers (SAMs), as platforms for 

controlled tuning of electronic and optical properties of MoS2. We demonstrate that 

surface functionalization approaches can be utilized to tailor physical properties of MoS2 

including field-effect mobility, current density, threshold voltage, photoluminescence 

(PL) intensity, PL peak position, and PL line-width. Through empirical and analytical 

models combined with temperature-dependent measurements, we further reveal that these 
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effects are primarily caused by charge transfer, built-in molecular polarities, changes in 

substrate defect densities, and phononic interactions. 

 

To examine the role of substrate chemistry on the electrical and optical properties of 

MoS2, we prepared a variety of SAM-coated substrates with different surface chemistries.  

Heavily p-doped Si wafers with 285 nm thermally grown SiO2 gate oxide layers were 

used as device substrates. The substrates were treated with oxygen plasma for 10 min to 

remove organic residues and promote surface activation. To prepare the SAM substrates 

the –OH functonalized substrates were treated by a gas phase silanization process using 

various organosilane molecules with different functional head groups using the following 

approach80. These include (3-Aminopropyl)-triethoxysilane 98% pure), (3-

mercaptopropyl)methyltrimethoxysilane (95% purity), octadecyltrimethoxysilane (OTS, 

97% pure), and 1H,1H,2H,2H-perfluorooctyl-trichlorosilane (97% purity) obtained from 

Sigma Aldrich and used as received.  After treatment with oxygen plasma, substrates 

were placed in a vacuum desiccator. A droplet of organosilane, ~ 5 µL, was placed in the 

desiccator on a microscopic cover slide.  The desiccator was evacuated using a 

mechanical pump to 5 mBar. This created a saturated organosilane vapor environment in 

the desiccators; we kept the samples in this condition for ~ 2 hrs at 60 oC. The substrates 

were then taken out, washed with isopropyl alcohol and used for device fabrication. 

Using this technique a variety of organosilane SAMs with different functional groups, 

amino (-NH2), thiol (-SH), methyl (CH3) and fluorinated (-CF3), were produced. The 

mercaptosilane SAMs (provided thiol(-SH) terminated surfaces 80. The octadecylsilane 

SAM formed a chemically inert surface, with methyl (-CH3) group terminations 80. The 

aminosilane based SAMs (NH2- SAM) on SiO2 form free amine (-NH2) group 

terminations. These also can be further protonated to create protonated amine (-NH3+) 

groups, which create a positively charged surface.  In order to achieve reasonable amount 

of protonation, the aminosilane based SAM coated substrates were placed in 5% aqueous 

solution of nitric acid for 24 hrs.   Ultimately this treatment gives a net positive charge on 

the surface due to the significant presence of protonated amine groups.  
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Altogether these treatments provided 7 different surface chemistries on the SiO2 gate 

oxide. The set of substrates studied in our experiments included the –OH terminated 

substrates, pristine SiO2 with natural defects and SAM coated substrates. The formation 

of SAMs and –OH functionalization was confirmed by contact angle measurements 

(Table.T1).  The oxygen plasma treated substrates show water contact angle of roughly 

0o, confirming the formation of very hydrophilic surfaces with hydroxyl (–OH) functional 

groups80. We found that the contact angles increased immediately after the surface 

treatment. The measurements are in good agreement with the values in the literature 

which confirm the formation of the SAMs. 

 

Substrate Contact Angle (Measured) Contact Angle (ref) 

Pristine SiO2 41 50 81 

-OH 0 <5  82 

-SH SAM 67 50  83 

-NH2 SAM 63 60  84 

-NH3
+
 SAM 17 10  85 

-CF3 SAM 116 116 86 

-CH3 SAM 74 75  87 

 

Table 5.1: Contact angles measurements.  The contact angles for different substrates with 

different surface treatments were measured and compared with the values reported in the 

literature.   

 

The SAMs with termination functional groups: amine (-NH2), methyl (-CH3), fluoro (-

CF3), and thiol (-SH) are shown Figure 5.1.1 a. Additionally, as control groups, we 

prepared pristine SiO2 with natural defects and hydroxylated (-OH functionalized) SiO2 

substrates. After the self assembly of these organic monolayers (Figure 5.1.1 b), high-

quality, single-crystalline MoS2 monolayers, synthesized using a previously reported 

recipe, were transferred to these substrates15.  The MoS2 single crystals typically grow as 

single triangles are shown in figure S1a. Two Raman modes, figure S1b, at 385 (E1
2g 

mode) and 405 (A1
2g mode) corresponds to the in-plane vibrations of Mo-S bond and out 
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of plane vibrations of S atoms in the MoS2 lattice. The difference between the peak 

positions of E1
2g andA1

2g in our samples is ~19.5 cm-1, confirming their single layer 

formation. After this basic characterization using optical microscopy and Raman 

spectroscopy (Figure 5.1.2 a & b), the MoS2 nanosheets were transferred to the variety of 

substrates by a common polymer base transfer approach and MoS2 field-effect devices, 

suitable for transport studies with a general configuration presented in Figure 5.1.3 a & b, 

were prepared. The devices were fabricated on the single crystalline triangular MoS2 

domains using a conventional photolithography processes followed by e-beam 

evaporation. For the lithography process we used photo-resist S1813 and LOR5B as an 

adhesive layer, and mask aligner (SUSS Mask Aligner MJB4). Ti/ Au (4 nm/ 36 nm) 

were used for metallization of photolithography patterns and to fabricate the source and 

drain electrodes. Finally, using a second photolithography and plasma etching step, the 

MoS2 triangles were cut into uniform rectangular sheets with a length to width ratio of ~1 

using O2 reactive ion etching (RIE, Phantom III).  The photo-resist is removed by acetone 

and PG-REMOVER. Using this technique over 90 devices were fabricated and tested. 

 

Figure 5.1.1: SAMs and substrate surface chemistry modulations a) The ball-and stick-

models for SAMs used in the surface functionalization and their orientation relative to 

MoS2 monolayers. b) The assembled configuration of NH2-SAM molecules as an 

example of surface functionalization.  
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Figure 5.1.2: Optical and Raman characterization. a) Optical micrograph of as grown 

single crystalline triangular MoS2 samples used in our study. b) A typical Raman 

spectrum acquired from the applied samples.  

 

As the surface chemistry of the samples is modified, we anticipate four major changes 

and interactions that should affect our measurements: i) charge transfer; ii) built-in 

molecular polarities, iii) modified substrate defect properties, and iv) interfacial phononic 

property variations.  We will initially focus on discussing substrate-dependent properties 

of MoS2 and then examine possible explanations for these observations. 
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Figure 5.1.3: MoS2 devices and transfer curves for varied substrates. a) and b) show the 

schematic and top view optical micrograph of the device configurations in our 

experiments. c) Transfer curves of representative measurements on a variety of modified 

and pristine substrates showing the ON-current modulation through interface engineering. 

Several important transport characteristics such as mobility charge carrier mobility, 

threshold voltage, conductivity, and subthreshold swing can be estimated from these 

measurements d) Logarithmic scale presentation of the same measurements 

demonstrating the sub-threshold device behavior as a function of substrate chemistry.    

 

All electrical measurements are performed in a Lakeshore probe station under vacuum 

conditions (< 10-5 Torr) to minimize environmental effects. These devices were analyzed 

using an Agilent B1500A Semiconductor Device Analyzer. All together more than 90 

devices were investigated. We performed transport measurements under vacuum 

conditions (10-5 Torr) on different types of chemically modified and pristine substrates. 

The measurements were performed with an applied gate voltage ranging from -40 to 40 
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V. The transfer curves acquired from our transport measurements demonstrate 

considerable tunability in MoS2 conductivity and field-effect characteristics as substrate 

chemistry is modified (Figure 5.1.3 c). The results show a highly controlled and smooth 

relationship between the MoS2 field-effect characteristics and the substrate chemistry.  

Devices made on substrates with -OH termination showed the poorest conductivity and 

field-effect properties, while devices on -SH terminated substrates showed the best 

performance with a 130-fold higher conductivity.  As compared to devices on pristine 

SiO2, a conductivity increase by about 15-fold was measured for devices on -SH treated 

substrates.  The logarithmic scale transfer curves shown in Figure 5.1.3 d reveal 

distinctive sub-threshold behaviors.  Devices on -OH, -SH, and -CF3 terminated 

substrates showed low leakage currents, whereas devices on -NH2 and -CH3 substrates 

and pristine SiO2 showed higher OFF current leakage, roughly one order of magnitude 

larger.  These results demonstrate that devices on -SH and -CF3 terminated substrates 

show the best sub-threshold field-effect characteristics, with a lower subthreshold swing 

and low OFF current. 

 

Further examination of device sub-threshold behavior reveals an important turn off 

character as a function of substrate chemistry.  Low power dissipation devices with low 

subthreshold swing are highly desired in high performance scaling of modern integrated 

circuits. Much has been done to understand and control the swing properties of 

transistors. By estimating the subthreshold swing characteristics of our devices one can 

observe a continuous change, from low values in -CF3 to highest in –NH2 SAMs. As it is 

evident these properties are somewhat independent of other electrical characteristics of 

the devices and emphasize an important decision factor for the choice of substrate 

modification. It is known that subthreshold swing is dependent on depletion layer and 

gate oxide capacitance. Since we do not anticipate the gate oxide capacitance to be 

influence by SAMs the changes observed can be attributed to the depletion layers 

capacitance in our devices.  As it is discussed in the main article the charge transfer and 

dipole characteristics of SAM MoS2 junctions determine important interfacial properties. 

As evident from Figure 5.1.4 a, SAMs with high negative dipole such as -CF3 and –SH 
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show higher subthreshold swing. As explained in the main article, these are the samples 

with depleted interface. 

 

As discussed before an important feature in modification of surface chemistry is the 

possibility of charge transfer between the material and its substrate and the dipole 

properties of SAMs. This can be directly explored experimentally since it is known that 

surface charge properties of some of the SAM molecules can be easily controlled using 

simple treatments. To demonstrate the significance of charge transfer and its tunability 

we treat the -NH2 (amine) terminated substrates using dilute acid solutions to prepare -

NH3+ (protonated amine) terminations. The significant change in the electro-negativity of 

the material modifies the charge transfer characteristics and dipole properties of the 

system.  The transport properties of MoS2 on these two substrates are shown in Figure 

5.1.4 b & c. It is evident that as a result of enhanced charge transfer from MoS2 to NH3+ 

molecules with positive dipole as compared to mildly negative dipole -NH2 terminated 

molecules the conductivity in the material is reduced by roughly one order of magnitude.  

The off current characteristics of the devices show a contrasting behavior and the samples 

on -NH3+ terminated substrate has a higher off current. This confirms that other 

channeling paths promoted by the interface and the surface states mediate the charge 

transport. This indicates that the poorly conducting interface has a significant role in the 

off current characteristics of MoS2-SAM hybrid structures. 

 

To further understand the role of interfacial properties of different SAMs we examine the 

conductivity voltage dependence. The results presented in Figure 5.1.4 d demonstrate 

significant bias voltage dependence in the conductivity of samples made on positive 

dipole such as –CH3 and –OH or low negative dipole such as –NH2. This is consistent 

with our model that the charges that are trapped in the low mobility interfacial traps can 

be released into MoS2 conduction channel at higher Vds and contribute to current in these 

samples. But in samples with empty interfacial channel such as –CF3 and –SH such 

dependence does not exist and there is no bias dependence for conductance.  

 



 90 

 

Figure 5.1.4: Discussions about the off current characteristics and charge transfer 

properties of samples on different surface chemistries. a) The estimated average 

subthreshold swing in devices made on different subtracts. b) Comparison of transfer 

curves for –NH2 terminated SAMs before and after protination. c) The logarithmic scale 

representation of results shown in part b that demonstrates the off current characteristics 

of these samples. d) The bias voltage dependency of conductivity on varied substrates.  

 

To elucidate the role of surface chemistry in the transport properties of MoS2, we 

estimate several important field-effect characteristics of the devices from gate-dependent 

conductance measurements presented in Figure 5.1.5.  The threshold voltage (VT) shows 

positive values for all the samples (Figure 5.1.5 a) ranging from ~ 20 to 3 V.  From the VT 

variations, one can roughly estimate the changes in charge carrier densities as compared 

to pristine substrates, using the parallel plate capacitor model. In this model, one can use 

the relationship n = Cox∆VT/е to estimate the charge concentration changes as compared 
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to SiO2. Here, Cox is the capacitance of the SiO2, ∆VT = VT,SAM – VT,SiO2, and е = 1.602 × 

10-19 C is the elementary charge.   

 

Figure 5.1.5: Device properties of samples on different substrates. a) The changes in 

threshold voltage of MoS2 devices made on varied substrates and the estimated charge 

carrier density changes as compare to samples on pristine SiO2. b) Estimated charge 

transfer between the substrate, MoS2, and interface and the dipole moment in different 

SAM substrates. c) Charge transfer and redistribution at the MoS2 SAMs interface. The 

charge is transferred from the blue regions to the red. d) Changes in the field effect 

mobility of MoS2 samples on varied substrates and the best performing devices. e) 
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Changes in the conductivity of devices made of varied substrates represented by the 

average conductivity of all devices and best performing device gated at +40 volts. The 

estimated conductivity is calculated form the Drude model for conductivity. 

 

In this estimation, the thickness of the SAMs range between 0.5-1.2 nm66 and have 

dielectric constants in the range of 2-3 66. Therefore, the capacitance contribution of the 

SAMs can be ignored and the charge carrier density can be calculated based only on the 

SiO2 parameters. The capacitance is estimated from Cox = ε0εr/dox, where ε0 = 8.85 × 10-12 

Fm-1, εr for SiO2 is 3.9, and dox = 285 nm. The estimated changes in charge carrier density 

for samples on different SAM substrates are shown in Figure 5.1.5 a.  This level of VT 

tunability in MoS2 implies remarkable interface physics linked to the diverse surface 

chemistries.  For in-plane transport in 2D devices based on MoS2, two transport channels 

for charge carriers can exist: the MoS2 conduction band, which mainly lies in the MoS2 

2D plane, and the interface states that are distributed between MoS2 and the substrates.  

Having this configuration in mind, we first calculate the charge transfer properties of 

MoS2 and its substrates based on density functional theory (DFT).   

 

We performed spin-polarized density functional calculations with the Perdew, Burke, and 

Ernzerhof (PBE) 88 approximation for exchange correlation functional. The Mo[4p5s4d], 

S[s2p4], N[s2p3], C[s2p2], and F[s2p5] were explicitly considered as valence electrons 

whose interaction with ion cores was modeled by the Projector Augment Wave method 
89, 90. The electronic wave functions were expanded with plane-wave basis and the energy 

cutoff was set to be 500 eV. A vacuum region larger than 15 Å was employed to 

eliminate the artificial interlayer interactions along normal direction. All the structures 

were relaxed with all atoms allowed to move until the force on each atom was less than 

0.02 eV/Å. The optimized lattice constant of MoS2 monolayer sheet is 3.11 Å which is in 

good agreement with experimental measurement and other theoretical computations. A 

3� 3� 1 supercell was used in the calculation of adsorption energy for the molecule on 

MoS2 monolayer sheet. The Brillouin zone is sampled with a 3� 3� 1 Γ-centered k-point 

grid. 
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We consider the adsorption of molecule on three possible sites with high symmetry: the 

hollow (H) site at the center of hexagon, the top of molybdenum atom (T-Mo), and the 

top of sulfur atom (T-S) (Figure 5.1.6). The size of supercells remains fixed during the 

adsorption energy calculations. The Charge Density Difference (CDD) and Bader charge 

analysis were performed to analyze the charge transfer qualitatively and quantitatively.  

 

The adsorption energy is defined as  

 

 (5.1) 

 

where  is the total energy of the 3� 3� 1 supercell with molecular adsorbed, is 

the total energy of an isolated MoS2 single layer, and  is the total energy of an 

isolated molecule. The site with the largest adsorption energy is considered as the favored 

site among three adsorption sites considered here. For -CH3, -CF3, -OH, -NH2 and -SH 

functional groups, the favored site as shown in Table T1 is T-Mo, T-Mo, T-Mo, H, and T-

Mo site, respectively.  The Bader charge analysis indicates a net charge transfer (e-) from 

SAMs and MoS2 monolayer to the interface (Table.T2). Figure 5.1.5 c depicts the Charge 

Density Difference which clearly shows the charge redistribution upon adsorption of 

molecules.   

 

To see if the long-chain carbon atoms in the molecule will play a role in the charge 

transfer, we compared the results with only functional group and those with one carbon 

atoms attached. H atom was used to passivate the dangling bonds of added carbon atom. 

The Bader charge analysis shows a negligible effect of this extra carbon atom.  
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Figure 5.1.6: Structure and adsorption sites of single layered MoS2. The MoS2 lattice and 

the schematics of the examined SAMs molecules absorption sites in the lattice. H 

represents the MoS2 molecular absorption at the hollow site of the lattice, T-S represents 

molecular absorption at the top of sulfur atoms, T-Mo represents molecular absorption at 

the top of Molybdenum atoms. 

 

Adsorption 

site 

Adsorption 

energy of 

molecule (eV) 

Bader charge 

transfer form 

Molecule to 

MoS2(e
-
) 

CH3-H -0.23945   

CH3-T-Mo -0.2396 0.0133 

CH3-T-S -0.234   

CF3-H -0.24255   

CF3-T-Mo -0.24903 0.0869 

CF3-T-S -0.24729   

OH-H -0.29328   

OH-T-Mo -0.45698 0.1085 
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OH-T-S -0.29818   

NH2-H -0.29035 0.0284 

NH2-T-Mo -0.04319   

NH2-T-S 0.05843   

SH-H -0.02957   

SH-T-Mo -0.12779 0.0396 

SH-T-S -0.02642   

 
Table 5.2: Molecular absorption and charge transfer properties for MoS2 SAMs 
interactions. 
 
5.2 Temperature dependent photoluminescence spectra acquired for 
MoS2 samples on modified substrates   

 

 
These results show that in almost all cases, the interactions between the material and its 

substrates result in charge transfer from both the SAMs and MoS2 to the interface and 

charge redistribution, giving rise to a significant increase in the interface charge carrier 

density (Figure 5.1.5 b & c).  The net charge transfers are shown in Figure 5.1.5 b and the 

charge distributions depicted in Figure 5.1.5 c.  Governed by the nature of interface states 

and their enhanced scattering mechanisms, the carriers at the interface are less mobile and 

contribute little to the transport, when compared to MoS2 channel. If charge transfer was 

the only contributor, the overall transport properties of all devices would have degraded.  

However, by calculating the dipole moment along the molecular chains for different 

substrates, as shown in Figure 5.1.5 b, an important distinction among substrates with 

different built-in dipoles is apparent.  The molecular dipoles are calculated employing the 

Perdew–Burke–Ernzerhof (PBE)88 parameterization of the generalized gradient 

approximation (GGA) potential. For the charge transfer calculations we performed spin-

polarized density functional calculations with Perdew, Burke, and Ernzerhof (PBE)88 

approximation for exchange correlation functional. The Mo[4p5s4d], S[s2p4], N[s2p3], 
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C[s2p2], and F[s2p5] were explicitly considered as valence electrons whose interaction 

with ion cores was modeled by Projector Augment Wave method 89, 90. The molecular 

dipole fields influence the tunneling of charge carriers between the trap interface states 

and MoS2 conduction channel.  In cases where the dipole moment is positive, the 

interface charge carrier density is further enhanced as the molecular field accumulates 

more charge in the interface and further depletes the MoS2 conduction channel.  This is 

why those substrates with the most positive dipoles (-CH3 and -OH) show the lowest 

carrier densities, while in those with negative dipoles (-NH2, -SH, and -CF3), the charge 

carriers in the interface are pushed into the MoS2 channel and the charge carrier density 

increases as the bias voltage is applied.  It is evident that this behavior closely follows the 

magnitude and direction of dipole moments, and bias-dependent experiments further 

confirm our model (Figure 5.1.5 a & b, Figure 5.1.4 d). Additionally the hysteresis, 

calculated from the forward and reverse transfer curves in Figure 5.2.1, for devices made 

on –CH3, –SiO2, and –OH, with values 7.8, 7.6, and 13.4V, respectively, is significantly 

higher than devices made on –SH, -NH2, and CF3, with values 4.5, 3.01, and 3.6V, 

respectively. This confirms that the density of trap sites in these substrates is higher and 

confirms our previous observations.   

 

Estimating the charge carrier mobilities in the devices can further elucidate the physics 

involved.  From the transfer curves measured for each device, one can estimate the 

charge carrier mobility from the linear region of the transfer curves. To estimated the 

field effect mobility of devices we use ( )[ ]/ / (d d
ds bg i ds

I V L WCVµ = ×   , where L and W are the 

channel length and width.  The capacitance between the channel and the back gate per 

unit area is estimated to be ~1.2 × 10-4 Fm-2 (Ci = ε0εr/d, where ε0 = 3.9 and d = 285 nm). 

The average MoS2 field effect mobility on functionalized substrates is presented in Fig. 

3d.  These results show a continuous increase in mobility from -OH to -SH substrates.  A 

significant enhancement, by roughly 6.7-fold, in the mobility of devices made on -SH 

(13.0 cm2/Vs) as compared to the pristine substrate (1.9 cm2/Vs) is observed.  Charge 

carrier mobility in its fundamental level can be influenced by changes in the scattering 

properties of the system, by changes in the effective mass of the charge carriers, or by 

both.  Other than the small material strain due to the lattice mismatch between MoS2 and 
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its substrate, major alterations in the band structure of the material is not expected on 

different substrates.  Therefore, changes in the material mobility on different substrates 

can be attributed to the modified density of defects, trap states, and interfacial phononic 

interactions. 

 

Figure 5.2.1: Estimation of hysteresis in devices made on different SAM substrates. The 

arrows refer to the direction of gate sweep. 

 

The characterization of hysteresis in field effect devices provides valuable information 

about the material interactions with its environment and the resulting trapping sites91.  We 
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examine the hysteresis in the devices studied in the main text providing a representative 

transfer curves. The acquired transfer curves are measured using similar forward and 

reverse gating sweep rates (Figure 5.2.1).  

 

The measured hysteresis in the devices are 4.5, 3.1, 3.6, 7.8, 7.6, and 13.6V for –SH, -

NH2, -CF3, -CH3, SiO2, and –OH substrates respectively. One can see a significant 

increase in the hysteresis of device made on –CH3, SiO2, and –OH as compared to the 

other three substrates. This reflects on higher density of trap sites at the interface of the 

sample and these substrates, which also agrees with our assumptions and understandings 

gained from electrical transport results in this work.  We provide a summary of all of our 

results with statistical details in table #. 

 

Substrate VT (V) µ (cm
2
/Vs) σ (µS) Subthreshold 

swing 

(V/Dec) 

∆n 

(×10
12

cm
-2

) 

Dipole 

Moment 

(eA) 

-SH 13.29±2.28 13.04±0.75 3.06±0.38 7.38±0.63 0.07 -0.043 

-NH2 12.84±1.14 3.61±0.37 1.06±0.12 21.18±3.94 0.11 -0.032 

-CF3 3.86±1.56 2.17±0.40 0.81±0.18 3.59±0.66 0.78 -0.46 

-CH3 20.11±2.28 2.31±0.30 0.60±0.09 9.99±1.74 -0.44 0.20 

-OH 17.93±2.67 0.2±0.06 0.021±0.003 12.61±3.01 -0.28 0.027 

SiO2 14.24±0.91 1.94±0.27 0.66±0.09 14.35±1.79 0 0 

 

Table 5.3: Summary of the results acquired in our transport study of MoS2 devices on 

SAM modified substrates. 
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It is instructive to estimate the conductivity of the devices on different substrates and 

extract the carrier density and mobility trends. We measure the average conductivity of 

devices made on different substrates at Vg = 40 V presented in Figure 5.1.5. One can 

observe a significant device conductivity dependence on the substrate properties. A major 

enhancement, roughly three orders of magnitude, in the conductivity from devices made 

on -OH to those on -SH substrates is observed. The best-performing device on SH-SAMs 

shows a conductivity of roughly 8 µS, which is approximately 4.6-fold larger than 

samples on SiO2. The conductivity in the diffusive regime has a linear relationship with 

charge carrier density and mobility which can be expressed by σ = neµ, where n is the 

charge carrier density, e is the electronic charge, and µ  is the charge carrier mobility.  

We can estimate n from the values in Figure 5.1.5 a, assuming that no = 5 × 1012 cm-2 

(similar to MoS2 residual carrier density reported in the literature 78.  The results acquired 

from this classical model perfectly match the experimental results, confirming our 

estimations for the charge carrier density and mobility changes.  Therefore, we can 

conclude that in order to explain the performance of the devices on different SAMs, a 

combination of charge carrier density and mobility changes play a considerable role.  For 

instance, the maximum enhancement in device conductivity observed in devices made on 

-SH and -NH2 functionalized substrates is primarily attributed to the changes in charge 

carrier mobility, as the changes in charge carrier density for these samples are negligible 

(Figure 5.1.5 e).  However, for -OH substrates with low charge carrier mobilities and 

densities, a collectively low conductivity is expected. 

 

The transfer measurements presented in this work are in the ±40V gate voltage range.  

One concern with these measurements is that some devices with larger VT may not be in 

a fully saturated regime and as a result their mobilities can be underestimated.  To resolve 

this ambiguity we perform bias voltage dependent measurements. As we increase the bias 

voltage we reach saturation and one can evaluate its effect on the mobilities. Our results 

show very little change over the range of voltages tested for all substrates and show that 

despite their possible underestimation at low voltages the inferences about their relative 

behavior is not affected (Figure 5.2.2).  
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Figure 5.2.2: Voltage dependency of field effect mobility that allows investigating the 

effects of saturation on the mobility measurements.   

 

Next, we examine the influence of interactions with the substrate on the optical properties 

of MoS2 using PL mapping and temperature-dependent PL measurements on a subset of 

our samples. We measure the PL from single flakes of MoS2 monolayers on four 

different substrates at different temperatures.  PL measurements at different temperature 

were performed by focusing the laser radiation centered at 514 nm from an Argon-ion 

laser onto the single MoS2 monolayer flake via a 50Χ objective lens.  The laser excitation 

power was about 200 µW at the sample.  The reflectance radiation was collected and 

analyzed with a grating spectrometer equipped with a liquid nitrogen cooled charge-

coupled device camera.  Low temperature PL measurements were performed by using a 

continuous flow liquid nitrogen cryostat. The PL maps at room temperature were 

acquired using a Renishaw PL/Raman microscope using a 514nm laser at 2.5mW. 

 

The most intense PL peak, observed at ~1.92 eV, is due to the A exciton, while a weaker 

PL peak, due to the B exciton, is observed at ~2.08 eV.  These transitions are associated 

with the direct optical transitions between the bottom of the conduction band and the top 

of the (spin-orbit-split) valance band 5. We used patterned SAMs to locally modifying 

surface chemistry and inspect the photoluminescence intensity changes in large MoS2 

single crystalline nanosheets. For this, SAM photolithography pattering approaches were 

used to prepare thiol (-SH) terminated line arrays (6 µm wide and 15 µm apart) (Figure 
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5.2.3 a). The PL intensity maps at 673 nm, acquired from MoS2 nanosheets transferred to 

the patterned substrates, show a considerable local intensity modulation, by roughly 4.4-

fold at the -SH modified as compared to pristine SiO2 areas. Therefore, Figure 5.2.3 a 

demonstrates an easy approach for local modulation MoS2 optical properties using SH-

SAMs. The area selective modulation of physical properties of layered materials 

demonstrated here are technologically and scientifically important, since such approaches 

may lead to remarkable physical phenomenon and device possibilities. It has been 

demonstrated that doping and dielectric environment can affect the PL intensity and peak 

positions of MoS2
7, 92; specifically, the PL intensity increases as the Fermi level is 

lowered or the dielectric constant of the substrate decreases .  However, our observations, 

described in detail below, cannot be explained using only these general characteristics, 

requiring explanations beyond these effects.  

 

 

 

Figure 5.2.3: Photoluminescence and photoconductivity on varied substrates a) PL 

intensity map at 673nm on patterned SH-SAMs using 2.5mW power. The dashed lines 
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distinguish the underlying –SH patterns. The region outside the triangle does not 

fluorescence which eliminates the possibility that the PL is from the substrate or SH-

SAMs. Temperature dependence of b) the PL intensity, c) the PL line-width (full-width at 

half maximum) for MoS2 on different substrates. d) Current-voltage curves for MoS2 

samples on SiO2 and SH-SAMs with and without photo-excitation at 532 nm wavelength 

and 60 µW power. Inset: shows the IV characteristics acquired for only the MoS2 samples 

on SiO2 for better clarity.  

 

To decipher the underlying physics involved in PL intensity modulations, we perform 

temperature-dependent PL studies. The temperature-dependent measurements in Figure 

5.2.3 b show that the PL intensity has strong substrate dependence, especially at low 

temperatures.  At room temperature, all the samples on surface functionalized substrates 

show higher PL intensities, as compared to that on pristine SiO2.  These differences are 

less discernable than the PL map measurements, due to the lower intensity of the laser, by 

roughly one order of magnitude.  However, it is sufficient for understanding the 

underlying physics as temperature is decreased.  At 79 K, the PL of all samples on 

functionalized substrates has similar intensities, approximately 3.5 times larger than that 

of MoS2 on pristine SiO2.  The decrease in PL intensity with increasing temperature is 

believed to be due to thermal activation of non-radiative recombination centers93.  In fact, 

the observed temperature dependence of the PL intensity (Figure 5.2.3 b) can be well fit 

with the equation I(T) = I0/[1 + A·exp(–Ea/kBT)].  The values for the thermal activation 

energy, Ea, extracted through fitting, ranged from 30 to 60 meV in our samples.  

Additionally, the higher values of I0 obtained for the samples with functionalized 

substrates imply that these treated substrates have fewer defects with more uniform lattice 

potentials as compared to pristine SiO2, since the internal defect densities in CVD-grown 

samples, mainly sulfur vacancies, are known to be rather uniform67. 
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Figure 5.2.4: Photoluminescence spectrum and peak position temperature dependency. a) 

The comparisons of PL spectrum for MoS2 samples on –SH and SiO2 substrates 

normalized by silicon Raman peak intensity. b) Temperature dependence of the PL peak 

position demonstrating little changes in band structure properties of MoS2. 

 

The temperature dependence of the PL peak position (Figure 5.2.4 b) can be fit with a 

modified Varshni relationship, Eg(T) = Eg(0) – S<hω>[coth(<hω>/2kBT) – 1] 94, 95, 

where S is a coupling constant describing electron-phonon interactions, < hω> is the 

average energy of acoustic phonons, and the coth(<hω>/2kBT) expresses the density of 

phonons as a function of temperature.  Fitting the experimental results in Figure 5.2.4 b 

with this model does not show much difference between the different samples, suggesting 

that the intrinsic band structure itself is not affected by the different substrates. 

 

Figure 5.2.3 c shows the temperature dependence of the PL line-width, which can be fit 

with the following equation: Γ(T) = Γ0 + γphT + ΓLO/[exp( hωLO/kBT) – 1], where hωLO is 

the average longitudinal optical (LO) phonon energy, Γ0 is the broadening parameter at 0 

K, γph is the exciton-acoustic phonon scattering rate, and ΓLO is the exciton-optical 

phonon scattering rate.  In addition, scattering by remote interfacial phonons (RIP), i.e., 

polar optical phonons of the substrate, need to be taken into account96.  The change in T = 

0 line-width Γ0 from modified substrate to SiO2 can be attributed to extrinsic scattering 
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Figure 5.2.5: Photoluminescence spectra. PL from samples on a) SiO2, b) –OH c) –NH2, 

d)-SH substrates at various temperatures. 

 

related to the substrate and its defect, and the decrease in this value by about 20-30 

percent from pristine to functionalized substrates suggests significantly modified 

interactions between excitons and the substrate.  From the linear-T dependence in the low 

temperature region, we can estimate γph to be 0.189, 0.196, 0.134, and 0.277 µeV/K, 

respectively, for the samples on SiO2, -NH2, -SH, and -OH; these values are comparable, 

and thus, the major difference in PL line-width must come from interactions with LO and 

RIP modes at temperatures higher than 100 K96.  The generally lower line width for the 
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modified substrates can be explained by the expected higher optical phonon energies in 

SAMs bearing in mind their stronger bonding properties as compared to SiO2. These 

findings can be extrapolated to our electrical observations and one can conclude that the 

role of substrate optical phonon and defect properties is seminal in tailoring the optical 

and electrical properties of MoS2.  As shown in Figure 5.2.3 d, the photo-response of 

devices made on -SH substrates can be enhanced by 4-fold compared to samples on SiO2. 

This can be attributed to the complementary enhancements in optical and electrical 

properties of devices made on -SH substrates. 

 

In summary, we reveal a feasible approach for the systematic modification of MoS2 

electrical and optical properties through interface engineering. This approach illustrates a 

systematic area selective route that allows for electronic and photonic control of MoS2 

properties. We provide a comprehensive understanding of the substrate role in properties 

of MoS2 by examining the possible interactions and underlying physics involved. We 

explain that a combined effect of charge transfer, molecular polarities of surface 

functional groups, variations in surface defect properties, and phononic interactions 

control MoS2 electrical and optical properties. Our results illustrate how precise interface 

engineering can be used as an effective way for physical property modulation in 2D 

materials.  
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Chapter 6 

Conductivity Engineering in Molybdenum 

Disulfide Atomic Layers through Control of 

Interface Chemistry  

We examine the role of substrate-defects and their property changes on the electronic 

properties of molybdenum disulfide (MoS2) monolayers. Substrate defects are often 

treated as undesirable entities degrading the intrinsic transport properties of 2D materials. 

Utilizing self-assembled monolayers for interface-engineering we develop a systematic 

approach to control the substrate-defect properties that translate into control of MoS2 

electronics. The role of substrate defects on MoS2 properties is probed by temperature-

dependent electrical and optical measurements. Our results signify an important 

thermally-induced phase transition in the defect characteristics of the organically-

modified substrates. Through experimental and analytical analysis of phonon and 

interfacial defect scattering dominated reference systems, we provide a bases for our 

study. The observed conductivity modulation by 30-fold are shown to be a result of 

formation, thermalization, and exchange between shallow and deeper localizations states. 

The results illustrate key features in interface engineering as an alternative design 

strategy for current modulation in two-dimensional materials.  
 

Layered transition metal dichalcogenides, including MoS2, have emerged as a class of 

materials with promising physical properties for future electrical and optical 

applications4, 6, 8-10, 12, 65. The recent efforts in the characterization and synthesis of MoS2 

as a prototype material has paved the way for further studies of this class of materials and 
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identification of their strengths and weaknesses15, 16, 18. The semiconducting nature of 

single-layered MoS2 with a direct band gap of 1.8 eV was initially investigated as a 

serious contender to silicon optoelectronic applications4, 75, 97. Therefore, a great deal of 

research has been devoted to understanding the electrical properties of MoS2
30, 31, 78. 

Initial results reporting on the electrical transport properties of few-layered MoS2 

pinpoints a major drawback regarding its low charge carrier mobilities3, 74, 98. Efforts in 

understanding the scattering mechanism in this material identifies transverse polar optical 

phonons as the major source of charge carrier scattering in bulk34, 35. However, single 

layers of MoS2 show significantly-degraded transport properties as compared to their 

bulk and few-layered counterparts; as new sources of scattering take over in these limits. 

 

Several intrinsic sources of scattering – namely Coulombic scattering from impurity 

centers, acoustic and optical phonon interactions – play a role in degrading charge 

transport characteristics of MoS2
29, 99. However, as this material is thinned down, the 

substrate defects and surface optical phonons emerge as the dominant source of 

scattering29. Previous studies suggest that proper design of dielectric mismatch can be 

used to enhance or modulate the mobility of charge carriers in two-dimensional 

materials29, 100, 101. However, such efforts have resulted in a contentious debate on the 

extent to which these techniques improve the transport properties and further examination 

is necessary29, 77, 98.  

 

In this paper, we examine a new approach for the modification of substrate defect 

properties using thiol-terminated, self-assembled monolayers. To understand the 

underlying physics of these substrates, we investigate the temperature-dependent 

electronic transport and excitonic characteristics of MoS2 on these substrates. By 

comparing the transport characteristics of devices made on these substrates to two known 

substrate systems with distinct defect and phononic characteristics we identify possible 

explanation for the observed type of phase transition. Additional, analysis of gate-

sweeping rates and hysteresis at different temperatures highlight the defect dynamics of 

these long molecular chains and strongly support our hypothesis. To directly probe the 

nature of defect states in MoS2 on SAM-modified substrates we examine the excitonic 



 108 

localization in these samples. Our results indicate the role of substrates as a major source 

of doping and scattering, and reveal major challenges and opportunities in electronic 

transport through systematic design of interface defects.  

 

We perform all our electrical measurements after maintaining the devices for 24 hours in 

low vacuum, approximately 3×10-6 Torr. Our experiments show a significant change in 

conductivity of the devices as a result of outgassing which highlights the role of 

environmental dopants (S1). We then perform room temperature characterization on 

these devices to estimate their conductivity and field effect characteristics. These results 

can be later compared to experiments done at room temperature after the temperature 

dependent measurements to assess the changes in the devices after experimentation. We 

perform the temperature dependent electrical transport measurements by adhering to 

precautionary steps that assure stabilization of the substrate temperature. At each 

temperature, we wait for 20 min for the system to reach equilibrium.   

 

These experiments in addition to Vg range sensitivity of hysteresis allow us to tune the 

experimental parameters for each substrate so that reliable and comparable results are 

acquired. Based on these results we perform all transfer measurements with gate 

sweeping rates 4 and 1 V/S for SiO2 and –SH substrates, respectively. We choose these 

sweeping rates based on the time scale of trap sites and the desire to minimize the 

hysteresis for accurate analysis of transfer curves. For estimation of threshold voltage VT 

and charge carrier mobility µ we use the forwards sweep scans. VT is estimated using two 

methods of extrapolation from the linear regime and second derivative method from the 

transfer curves. We use the average values extracted from these two measurements as VT 

and estimate the charge carrier densities using n=Cox∆Vbg/e where Cox=εo εr/dox is the 

oxide capacitance. In these relationships εo=8.85×10-12 Fm-1, e=1.602×10-19C, εr=3.9 and 

19 for SiO2 and HfO2, respectively, and dox=285nm and 25nm for SiO2 and HfO2, 

respectively. The charge carrier mobilities are extracted from the linear region of transfer 

curves using µ=(dIds/dVbg)×(L/WCox) where the channel length and width in our devices 

are L=15 and W=13.5µm.  
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The role of substrate defects in the transport properties of MoS2 remains largely illusive30, 

31, 78. However, in general the variations in types of defects, shallow versus deep states, 

and their thermal properties have major role in transport characteristics of thin materials.  

To understand and exploit the role of substrate defects in the electronics of MoS2 we use 

thiol (-SH) terminated self-assembled monolayers as a versatile source of interface 

engineering. These monolayers can be adapted to a variety of substrates including 

conventional oxides and flexible substrates, and may therefore be of great importance in 

the electronics of two-dimensional materials. However, the extent of their interaction 

with these materials is not fully understood. A feasible approach to understand the role of 

substrate traps in SAM-modified substrates is to compare their transport characteristics 

with other reference substrates. The defect characteristics of –SH functionalized 

substrates are expected to be very different from conventional oxides. Therefore, we 

prepare MoS2 field effect devices on the SAM-modified substrates and two conventional 

substrates, SiO2 and HfO2. Altogether, these three configurations provide a robust 

platform for exploring the substrate related device engineering characteristics.   

 

Single layers of MoS2 – prepared using a previously-developed recipe15 – are first 

transferred to –SH, SiO2, and HfO2 substrates15. Devices are then designed and prepared 

using photolithography and e-beam metal evaporation, insert of Figure 6.1 a., To acquire 

knowledge about the device characteristics on varied substrates and the dominance of 

scattering mechanism in MoS2, we perform gate-float current-voltage and transfer 

temperature-dependent measurements (Figure 6.1 a). We then compute the conductivity 

and field-effect mobilities (Figure 6.1 b) from the transfer curves, as described in the 

methods section. In all device types made on varied substrates, a gradual increase in 

conductivity and decrease in mobility as a function of temperature up to ~240K is 

observed. Figure 6.1 b shows the conductivity of the devices: those made on SiO2 

generally have higher conductivities than devices made on –SH decorated and HfO2 

substrates. Using Drude’s model for conductivity, σ = neµ, and information gathered 

about the mobilities in Figure 6.1 c, one can interpret that these differences 

predominantly result from the substrate doping effects. SiO2 substrate-base MoS2 doping 

has theoretically been explored and confirm these results analytically72.  The doping 
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levels in SiO2 substrates are nearly 100 times more than HfO2 devices and roughly 10 

times larger than thiol-terminated substrates. A drop in both mobility and conductivity at 

260K is clearly visible in the measurements on the thiol terminated substrates and we will 

next focus on characterizing the properties of transport before and after this thermal 

transition.   

 

We map the mobility and conductivity in a device made on –SH samples as a function of 

temperature and carrier density (Figure 6.1 c & d) (the details of carrier density 

estimation are provided in the methods section). The mobility mapping of the MoS2-SH 

devices shows a greater level of uniformity in the examined temperature and carrier 

density range (Figure 6.1 c). As we will show later this is a result of surface-optical-

phonon scattering minimization which prevents a temperature-dependent crossover 

between the interface-related scattering mechanisms. At higher temperatures ~260 K, one 

can clearly see a phase transition in both the mobility and conductivity characteristics of 

MoS2 (Figures 6.1 c & d). By mapping the conductivity of the MoS2-SH devices, the 

implications of such phase transitions on the device performance can be better visualized 

(Figure 6.1 d). The charge carrier density profiles of these maps (Figure 6.1 e) show a 

drop in the conductivity in the order of 30-fold at temperatures close to 260K. This 

interesting transition may be related to the nature of order-disorder phase transition in 

long molecular chains. Theoretical analysis of thiol groups shows several thermal phase 

transitions in the conformational order of such self-assemblies. At low temperatures, a 

highly-ordered solid film is expected, where the chains are tilted in the direction of the 

nearest neighbor with the same molecular orientation (Figure 6.1 g). Therefore, all 

degrees of freedom in the chains are locked. As temperature increases, a gradual increase 

in conformational defect formation and a slow transition to a rotator phase is expected 

(Figure 6.1 h). Specifically, a phase transition unlocking the tilt angles is anticipated at 

temperatures close to 250K-300K, resulting in an increased level of disorder102 (Figure 

6.1 i). We hypothesize that this phase transition from an ordered to a highly-disordered 

regime at temperatures close to 260K in the –SH substrates are responsible for the 

observed dramatic mobility and conductivity changes in MoS2. In this picture, phonon 
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scattering dominates at temperatures below 260 K, while surface disorder induced defect 

scattering governs the transport after the phase transitions ~ 260 K.  

 

To confirm this hypothesis, we first compare the carrier density dependency of mobility 

in -SH substrates (Figure 6.1) to conventional oxides. The reference substrates (SiO2 and 

HfO2) are unique and allow us to probe the role of different scattering mechanisms in the 

transport characteristics of MoS2. In addition to the known differences in density of 

defects on ALD-grown HfO2 and thermally-grown SiO2, the dielectric screening in the 

high dielectric HfO2 mitigates the defect-base electrostatic perturbations in the material. 

This mitigates the perturbing role of surface and point defects in the scattering properties 

of high dielectric surfaces. To explore these differences we examine the temperature-

dependent mobility properties of devices made on SiO2 and HfO2. 
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Figure 6.1: Transport Characteristics of MoS2-SH devices. a) The temperature 

dependency of MoS2 conductivity on –SH substrate as compared to reference substrates 

of SiO2 and HfO2. Inset: Device geometry used in our experiments. b) The temperature 

dependency of the field effect mobilities on –SH and reference substrates. c) The MoS2–
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SH mobility map. d) The MoS2-SH conductivity map. e) The temperature dependence of 

conductivity for three different carrier densities. f) The carrier density dependency of 

mobility at four different temperatures for MoS2-SH devices. The schematics 

representing the evolution of order in self-assembled monolayers with g) highly ordered 

configuration at low temperatures. h) initiation of disorder at elevated temperatures. i) 

high level disordered after the phase transition. 

 

The slope and magnitude of mobilities vary considerably when comparing the 

measurements on SiO2 and HfO2 (Figure 6.1 b). The dominant mechanisms of scattering 

and their significance in every temperature regime can provide insight into the reasons 

for this behavior. The general approach to determine scattering rates in materials is to 

evaluate the perturbing effect of the potential for each source of scattering on the wave 

function of electrons. The major sources of scattering in single crystals of MoS2 are the 

transverse and longitudinal acoustic phonons, homo-polar and polar optical phonons, 

impurity, and surface optical phonons. We calculate scattering rates and the mobility 

temperature dependencies for all these mechanisms (described in more detail in the 

supplementary). The net effect of these mechanisms can be estimated using Mathiessen’s 

rule µ−1= µ−1
TA+ µ−1

LA+ µ−1
HP+ µ−1

POP + µ−1
SOP +µ−1

imp and compared with experimental 

results.  

 

The estimated role of each scattering center in MoS2 and their temperature dependencies 

in two different dielectric environments are presented in Figures 6.2 a & b. The computed 

mobility changes fit well with our experimental results, suggesting that the atomic-layer 

thickness nature of two-dimensional materials and their strong interactions with 

substrates make interface impurity scattering and surface optical phonons the major 

sources of scattering in these atomic layers. We establish that in low-dielectric-

environment SiO2 substrates (Figure 6.2 a); the interfacial impurity scattering dominates 

the transport at low temperatures, while it is surpassed by surface optical phonon 

scattering at higher temperatures. For high-dielectric-environment HfO2 substrates 

(Figure 6.2 b), the role of surface impurities is mitigated via enhanced screening, 

resulting in generally higher mobilities. However, the existence of low-energy optical 
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phonons, typically inherent to high K oxides, results in increased scattering and a steeper 

decline in mobility as temperatures rise. This study reflects on two behaviors 

distinguishable by the dominance of impurity and phonon scattering mechanisms and can 

be used to compare the key features of electronic transport in strongly- and weakly-

localized regimes. 

 

Next, we examine the carrier density-dependent mobility and conductivity in devices 

made on defect-dominated SiO2 and phonon-dominated HfO2 substrates. The results are 

presented by mapping the mobility and conductivity of devices on the two substrates as a 

function of carrier density and temperature (Figure 6.2 c & d). The conductivity maps for 

both substrates with different dielectric properties shows common characteristics with 

generally higher mobilities at lower temperatures, but with higher conductivity in devices 

made on HfO2. However, this advantage tends to smear out at higher temperatures, 

leaving little benefit in using HfO2 as a substrate. The measurements show a common 

increase in mobility, due to enhanced screening, as the carrier densities increase in all 

temperature ranges (Figure 6.2 e & f). The maximum mobility in low-dielectric SiO2 

substrates is reached at around nc=1×1012cm-2 (Figures 6.2 e). The dependence of 

mobility on the carrier densities for these devices at three temperatures is presented in 

Figure 6.2 c.  As the temperature increases, a drop in peak mobility is evident. At higher 

carrier densities, nc>1012cm-2, the mobility starts to decrease, suggesting a crossover 

between scattering mechanism dominance, as observed in graphene96, 103. Similar 

analyses on HfO2 substrates show an increase in mobility and saturation at higher carrier 

densities (~4-8×1012 cm-2) (Figures 6.2 d & f). The dramatic decreasing trend of carrier 

density dependence of mobility on SiO2 and the differences between the behaviors seen 

in high and low dielectric environments signifies a role for both substrate defects and 

phonon-related scatterings, as discussed in details below. Surface optical phonons – the 

major source of phonon scattering in the temperature ranges examined – have a known 

carrier density dependence, as studied extensively in case of graphene28. As the carrier 

density n increases, the carrier mobility due to surface-optical-phonon scattering (µSOP) 

actually decreases and can be expressed as: 
nF

SOP 2

1
~

υ

µ , where 2
υF  is the Fröhlich 
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coupling coefficient  related to the dielectric constants of the environment and the surface 

phonon energy. On the contrary, the screening of impurity-charge scattering leads to 

higher carrier mobility at higher carrier density n.  Therefore, the competing effect of 

surface-optical-phonon and impurity-charge scattering can explain well the complicate 

carrier density dependence of mobility observed here in MoS2 on different substrates at 

different temperatures. As carrier density n increases, the scattering of surface impurities 

is screened and the associated carrier mobility µimp increases. However, the mobility 

associated with surface-optical-phonon scattering, µSOP decreases at a rate which is 

dependent on the temperature and the dielectric environment.  In both substrates, the 

screening effects are initially dominating the carrier density dependence of mobility. In 

SiO2 substrates, the decrease in µSOP takes over very quickly, resulting in a gradual 

decrease in total mobility at higher carrier densities (Figure 6.2 e); however, a crossover 

is absent in HfO2 substrates (Figure 6.2 f). This is because µSOP has a stronger 

dependence on carrier density due to a larger Fröhlich coupling for SiO2 substrates than 

that for HfO2. Similar arguments have been used to explain the carrier density 

dependency of mobility in graphene, where crossover between competing surface 

impurity defects, acoustic phonons, and surface optical phonons determine the fate of 

low-field and high-field mobility and saturation velocities28, 103. In comparison, results for 

MoS2 on thiol functionalized samples show two distinct characteristics (Figures 6.2 e & 

f). At temperatures below 260K show, mobilities increase and saturate as the carrier 

density increases, similar to measurements on phonon-dominated HfO2 substrates. At 

higher temperatures, the increase in mobility reaches a maximum value and it is followed 

by a dramatic decrease with increase in the carrier densities. The measurements resemble 

the transport characteristics of MoS2 on impurity defect-dominated SiO2 substrate. This 

suggests a transition in the defect characteristics of the -SH substrates from a low to high 

interfacial defect regime, activated thermally at ~260K. Accordingly, the significant 

conductance modulation in MoS2 channel mediated by thermal actuation of disorders in –

SH molecules should be accompanied by a dynamic defect characteristics in these –SH 

modified substrates.  
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Figure 6.2: Mobility and Conductivity Characteristics of MoS2 on SiO2 and HfO2 

substrates. a) & b) The temperature dependency of different scattering mechanisms 

calculated for MoS2 and the comparison of net calculated mobility and experimental 

results on SiO2 and HfO2 substrates. The mobility maps acquired for MoS2 devices on c) 

SiO2 and d) HfO2. The carrier density dependency of mobility in e) MoS2-SiO2 and d) 



 117 

MoS2-HfO2 devices. The conductivity maps acquired for MoS2 devices on f) SiO2 and f) 

HfO2.   

 

 

To further examine the interface defect and disorder characteristics in –SH substrates, we 

examine the conductivity and hysteresis characteristics of devices made on –SH 

functionalized substrates (Figure 6.3). Specifically, we compare the temperature 

dependencies of conductivity in samples made on SiO2 and thiol-decorated substrates in 

the temperature ranges 80-250K. The logarithmic scale changes in MoS2 conductivity 

versus 1/T on SiO2 substrates have lower temperature sensitivities close to liquid nitrogen 

temperatures and an increased sensitivity at elevated temperatures (Figure 6.3 a). This 

can be understood using Anderson’s model for disordered systems, where it is assumed 

that the introduction of random potential wells, resulting from substrate and material 

defects, in the periodic lattice potential of MoS2 instigates localized states. At lower 

temperatures, charge carriers are strongly trapped in these localized states, forming 

inhomogeneous carrier densities or puddles, and can only contribute to transport by 

means of hopping. At these temperatures, electron transport can be described by variable-

range-hopping, giving a conductivity σ∼exp[-(T1/T)3]. At elevated temperatures, charge 

carriers can escape these trap sites and contribute more to the conductivity, resulting in 

stronger temperature dependence.  This regime of transport can be modeled using 

nearest-neighbor-hopping, σ∼exp[-(T0/T)]30. By fitting the experimental results (figure 

6.3 a), we obtain relevant constants T0= 557K and T1=773K for devices on SiO2 (where 

T1 is calculated from a plot of conductivity versus 1/T3 not shown here). These fitted 

parameters are in good agreement with previous reports 30, 31, 74 in the high temperature 

regime, but very different in the low temperature regime, indicating weaker localization 

effect in our devices, perhaps related to better processing78. The results for SiO2-based 

devices are indicative of ordinary static defects in which the disorder is typically point 

defects with deep energy states at the interface or within the MoS2 channel. However, the 

nature of defects in thiol-functionalized substrates shows very different characteristics, 

highlighting a fitting constant T0=660K working well for the whole temperature range 

examined (Figure 6.3 a). This indicates that for thiol-functionalized substrates, electron 
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transport can be well described by a single transport regime governed by nearest-

neighbor-hopping, σ∼exp[-(T0/T)], pointing towards a distinct nature of defects, shallow 

states, in thiol-functionalized substrates.  

 

To understand the differences between the defect characteristics of SiO2 and –SH 

substrates, we study the hysteresis properties of the FET transfer curves. At room 

temperature, for both SiO2 and –SH decorated substrates (Figure 6.3 b), an n-type 

behavior with appreciable hysteresis in transfer characteristics is clearly observed. We 

examine the temperature dependence of the hysteresis to gain more insight into the nature 

and role of substrate defects in the electron transport properties of MoS2. The observation 

in Figure 6.3 b indicates that the defect sites in all cases are electron traps as the reverse 

gate voltage sweeping curves shifts the threshold voltage to more positive values. To 

acquire knowledge about the trapping time scales, we perform experiments with varied 

sweeping rates (Figures 6.3 c & d). Since the hysteresis in –SH substrates shows much 

lower gate sweeping rate dependencies, their trapping time scales should be much longer 

than samples on SiO2. Additionally, device hysteresis is related to the trap site density 

and its temperature dependence provides information about trap site characteristics. As 

shown in Figure 6.3 f, the hysteresis is clearly reduced in –SH based devices as 

temperature decreases, suggesting reduced density of active trap sites at low 

temperatures. For SiO2 based devices, the temperature dependence of hysteresis is less 

significant compared with that for –SH based devices. This suggests that the disorder in 

the –SH substrates is more temperature-dependent and increases with temperature. At 

higher temperatures (~260K), an anomalous behavior is seen in –SH based devices, 

where a dramatic increase in hysteresis is observed.  This anomaly can be correlated to 

the aforementioned phase transition in long-chained thiol molecules, i.e., at temperatures 

close to 260K a discernable peak in hysteresis can be attributed to the increased 

conformal disorder in -SH substrates.  
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Figure 6.3: The Difference in The Role of Substrate Defects in Electronic Transport of 

MoS2. a) The comparison between the conductivity and inverse of temperature profile of 

MoS2 devices made on SiO2 and –SH substrates. b) The forward and reverse transfer 

curves acquired for samples on  SiO2 (top) and –SH (bottom) substrates. c) & d) 

demonstrate the gate voltage scanning rate dependency of hysteresis in MoS2 devices 

made on SiO2 and –SH substrates. The continuous lines represent the forward scans and 

the discontinuous lines represent the reverse scans. f) The estimated hysteresis and its 

temperature dependency. In the MoS2–SH measurements the black circles are 

measurements continuously performed from 80K to 295K, the green circle represents the 

hysteresis before the before liquid nitrogen experiments, and the blue circle represent the 

hysteresis after two hours of annealing at 100K.        

 

 

To understand the nature of order and localization in –SH terminated substrates we 

perform optical studies that probe the energetics of these states. The mapped temperature 
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dependency of photoluminescence (PL) in MoS2 devices immediately reveal anomalous 

excitonic dynamics deviating from Varshni model for band gap temperature dependency 

(Figure 6.4 a). This is expected as our electronic transport studies have already portrayed 

the existence of strong localization in these substrates. However, careful analysis of the 

optical response of the material can provide valuable information about the nature of 

these localizations and their observed temperature dependent phase transition. The 

origins of temperature dependent sigmoidal peak positions shifts, the anomalous PL 

intensity, and non-uniform changes in the line-width of excitonic transition can unveil the 

nature of localizations in these systems. It is known that two energetically different 

categories of localization states, deep and shallow, have a major role in the details of PL 

characteristics (Figure 6.4 b). In a general scheme with both types of localizations 

present, as the temperature increases thermally activated exchange of carriers between 

these two categories of localization states result in anomalous temperature dependencies. 

As the thermal energy exceeds the barriers of shallow states, the trapped excitons would 

escape and fill the deeper states resulting in a swift red shift and narrower energy spread 

or PL line-width as temperature increases (Figure 6.4 b). The PL characteristics for the 

samples on thiol-terminated substrates with significant anomalies are presented in Figure 

4c & d. The general deviation from the Varshni’s law for the PL peak position indicates 

strong localization effects in the excitonic transitions (Figure 6.4 c). At temperatures 

close to 260K a steep change in PL peak position coincides with the observed phase 

transitions in conductivity (figure 6.1 e).  The PL peak intensity and line-width provide 

more insight since they are very sensitive to localizations (Figure 6.4 d). At temperatures 

close to 90K a dip in the PL intensity is accompanied by a bump in the PL line width. 

This can be explained by formation of shallow sates as the disorder increase in the 

underlying SAMs. These changes are closely related to the onset of increased hysteresis 

in the devices shown in Figure 6.3 f. It is known that shallow states increase the line-

width as they broaden the available states for excitonic transitions and decrease the PL 

intensity as they enhance non-radiative exciton decay processes. As temperature 

increases these shallow states are thermalized and trapped state escape and result in a 

gradual increase of line-width and decrease in intensity as a result increased phononic 

interactions. At temperatures close to 260K a rapid decreases in PL intensity is 
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accompanied by a decrease in PL line width which indicates the formation of deep 

localization states. Electrical measurements had predicted an enhanced formation of 

configurational defects in SAMs at these temperatures large densities. Our experiments 

explain that this transition entail a formation of large density of deep defect states. 

Additionally the high thermal energies in the systems results in a flux of excitonic 

exchange and an immediate occupation of these states. This will result in a rapid decrease 

in the line-width as the role of shallow states is now mitigated. The enhancement of 

trapping mechanisms also results in a decrease in PL intensity. This also explains the 

observed rapid red-shift in the PL peak position since the deep states contribute largely to 

the excitonic transitions.    

 

Figure 6.4: Photoluminescence Study of Trap Mechanisms in Thiol Modified Substrates. 

a) The intensity map of photoluminescence spectrum acquired from MoS2 samples on 

thiol modified substrates. b) a model for the general configuration of shallow and deep 
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localization states. c) The temperature dependency of PL peak positions as a function of 

temperatures. d) The temperature dependency of PL intensity and FWHM.        

 

 

In summary, we have investigated the role of substrates in the transport properties of 

MoS2 by examining surface modified substrates as well as conventional oxides. Via 

detailed analysis of different scattering mechanisms, we have elucidated the influence of 

substrates on electron transport of 2D MoS2 atomic layers. Our results demonstrate that 

competing effects of substrate-induced scattering mechanisms determine key device 

characteristics such as the dependence of mobility on carrier density and temperature. 

This allows us to better understand the nature of disorders in chemically-modified 

substrates and employ substrate functionalization as a powerful method for mobility and 

conductivity engineering in two-dimensional materials. We have discovered that the 

dynamic nature of structural phase transition in -SH substrates are well illustrated by their 

influence on the electron transport behavior such as conductivity, carrier mobility and 

hysteresis in transfer characteristics for MoS2 transistors. This work demonstrates the 

unique potential of SAM-modified substrates for systematic control of device properties 

based atomic-layer thin materials.    
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Chapter 7 

Conclusions and Outlook 

The faith of two dimensional materials is largely associated with the discovery of their 

growth process, their unique physics and chemistry, and developing useful applications. 

These challenges are interconnected and while understanding the physics and chemistry 

of these materials is dependent on quality material preparation, development of useful 

applications will only be possible if we discover unique properties in these materials. 

However, the progress in this direction can be expedited by learning from almost one 

decade of research in understanding the graphene physics and chemistry. This research 

has unveiled some of the unique two dimensional properties of graphene however, 

finding distinctive applications based on these understandings are still under 

investigation. The challenges with large area quality growth of this materials has 

consumed many years of research but the favorable carbon chemistry and its surface 

absorption and its catalytic interactions with a variety of metals have tremendously 

facilitated this research. Nevertheless, the on going research in graphene in every aspect 

has paved the way in many ways for the research on the larger and more diverse class of 

transition metal dichalcogenides.    

 

In this thesis several strategies for growth of MoS2 were discussed and explored. It is 

evident that the defect characteristics of these samples determine their suitability in 

applications. I also unveil some of the unique roles of defects in their physical properties. 

I propose and explore defects as a strong and unique way for control of material 

properties in MoS2 and as a result, focus on unveiling the structural properties of these 
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defects and examining their influence on the electronic band structure of the material. 

Additionally, I demonstrate the role of grain boundaries in the electronic transport and 

optical properties of MoS2 as an example for the extent of interaction resulting from these 

intrinsic defects. However, the role of interface states are shown to be more influential 

and strategies for control of their properties can lead to useful and new device concepts. 

In this thesis an important approach for control of interfacial defect states is proposed and 

explored. Passivation of interface substrate defect dangling bonds through self assembly 

of organo-scilanes is a power tool for control of interface states. We demonstrate the 

origins and influences of these states on the transport properties of MoS2. We provide 

evidence that the changes in the interface defect properties can be induced by thermal 

means that explain the room temperature transport characteristics of MoS2 on these 

substrates. These developments suggest new device paradigms based on the sensitivity of 

two dimensional materials to their interface properties. Discovery of such concepts and 

properties are vital to the future of this field as the rapidly developing frontiers of two 

dimensional materials research faces many challenges with development of useful 

applications.  

 

The intention of this work is to provide some guidelines for material growth and its 

defect characteristics. However, several directions in the study of two dimensional 

materials remain and need to be further explored. Despite the progress in the growth of 

MoS2 atomic layers, development of more systematic and controlled approaches for 

nucleation of these materials in the growth process is still a major challenge for its large 

area preparation. The chemical complexity of MoS2, its instability under harsh 

conditions, and challenges with the choice of substrate is general limitations imposed to 

its growth procedures. Going forward more elaborate approaches that promote nucleation 

in a more systematic way and enhance the growth process is needed. Additionally, a more 

detailed research on precursor type and their roles can also help with the limitations of 

growth in MoS2. Nevertheless, defects will always be a source of deviation from intrinsic 

properties in as grown materials. Despite the detailed examination of the structure and 

understanding some properties of defects in MoS2 presented in this work a 

comprehensive knowledge of their role in material physical properties is still not fully 



 125 

understood. This is even more important as in principle the creation of defects in these 

atomic layers can be more precisely achieved and controlled as compared to bulk 

materials. Therefore defects can provide new avenues for 2D material property control 

and motivates the understanding of defect properties in greater details.   

 

The current understanding of the role of intrinsic defects in localization of charge carriers 

and excitons promises possibilities that if can be control may lead to unique applications.   

Nevertheless, the efforts in understanding the properties of intrinsic and extrinsic defects 

should be complemented with approaches that allow for their controlled preparation. As 

suggested in this work, interface defects may provide a more robust and effective way for 

preparation of new physics in these materials. This is well exemplified by control of 

interface defects, presented in this dissertation, where the diversity in chemistry and 

property controls show great versatility.  

 

This dissertation aims to solve some of the outstanding challenges in the two dimensional 

materials research. But also identify growth and material design related strategies with 

great promise for future applications. This is with the understanding that the replacement 

of existing semiconducting materials for conventional applications is challenged by 

processing compatibility, technological adaptability, and cost effectiveness. This is why it 

is important to identify the uniqueness of these materials trough fundamental research.  
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