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 Monolayer (ML) transition metal dichalcogenides (TMDs) are a class of 

materials that have become the focus of intense research in the field of nanomaterials in 

recent years due to their wide spectrum of optical, electrical and physical properties. 

Materials in the TMD family include insulators, semiconductors, metals and 

superconductors. Combined with their atomic thinness, these three-atom-thick materials 

are ideal candidates for building circuitry in the atomically-thin limit, which is crucial 

for future electronic device miniaturization. Their thinness also leads to low bending 

stiffness, which makes monolayer TMDs particularly attractive for flexible electronic 

applications.  

 The realization of industrial-scale applications in modern electronics based on 

these atomically-thin films requires overcoming numerous challenges. Here we will 

discuss two of these, namely, (1) efficient charge carrier injection into the ML TMD 

channels with atomically-thin contacts and (2) tuning the electrical properties of the ML 

TMD channel. 

Our approaches to address these two challenges, which are based on a well-

controlled material synthesis technique, are presented in this thesis. Specifically, we 



 

create atomically-thin ohmic contacts to semiconducting ML TMDs via the edge of the 

materials for efficient charge carrier injection, while maintaining the small device 

volume. We then demonstrate the control of the electrical conductivity of 

semiconducting ML TMDs through substitutional doping, in which the conductivity is 

tunable over seven orders of magnitude. In addition, our systematic study further 

elucidates that the dopant behaviors in two-dimensional (2D) semiconductors are 

different from their three-dimensional (3D) counterparts. Lastly, we discuss our 

approach of conformally growing monolayer TMDs over arbitrary 3D surfaces that has 

the potential to generate ultrasmall devices with the smallest dimensions approaching 

the atomic size.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Thesis Overview 

 Two-dimensional materials, such as graphene and transition metal 

dichalcogenides1–8, have been the focus of nanomaterial research in recent years due to 

their exceptional physical properties9–15 and great potential as the platform for next 

generation optoelectronic devices. With individual monolayers comprise of only one 

atom to a few atoms, they represent the ultimate thickness limit for functional devices 

and therefore the ideal candidates for future device miniaturizations where the overall 

device volume is becoming an increasingly important factor. Furthermore, the ultrathin 

films possess extremely low bending stiffness16–18, making them especially attractive 

for flexible and wearable electronic applications that has been gaining popularity.  

 Graphene was the first isolated 2D material19. It was found to possess high 

charge carrier mobility, while being stable under ambient conditions in the monolayer 

limit. This excited the nanomaterials research community toward atomically-thin 

circuitry. Even though graphene received significant attention, it lacks a bandgap, which 

limits its use in digital electronic applications5,6,8,20. Many of the monolayer TMDs, 

(such as MoS2, WS2, MoSe2 and WSe2) on the other hand, are semiconducting (either 

n-type or p-type)3,21  with a direct band gap10,22,23, making them particularly attractive 

for building circuitry at the limit of atomic thinness.  

As an important step toward industry-scale applications, large-scale synthesis 

for many of the semiconducting TMDs has been developed24,25. For example, ML MoS2, 
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WS2 and WSe2, can be synthesized on the wafer-scale on various of oxide surfaces using 

metal-organic chemical vapor deposition (MOCVD)25. Various devices1,26–28, such as 

field-effect transistors (FETs), have been successfully demonstrated using the as-grown 

films. While some progress has been made, there are still many challenges that need to 

be addressed before the full deployment of these films for modern electronic 

applications. Among the many challenges, we are going to focus on the following two 

in this thesis:  

 (1) Efficient carrier injection with minimal contact volume and area. As the 

electrical device scales down, electrical contact plays an increasingly dominant role in 

overall device resistance, volume, and area. Most of the electrical contacts to 2D 

materials are fabricated using top-contact geometry29 using conventional 3D metals that 

are few tens of nanometers thick. This significantly undermines the attractiveness of 

using atomically thin 2D materials for future device miniaturization.  

 (2) Tunable electrical conductivity and charge carrier polarity. The vast 

majority of devices are realized by tunable electrical conductivity and polarity of the 

active channel at the desired regions30,31. In 3D semiconductors, such as silicon, this is 

mainly achieved using two methods which are growing the material doped or ion 

implantation for post material synthesis processing. However, the applicability of these 

methods in 2D materials remains uncertain as 2D materials deviates from the 3D in 

many different aspects including their extreme fragility at the 2D limit32. 

 In this thesis, we will share our work, based on a controllable synthesis 

technique25, that provides potential solutions to the two challenges mentioned above. 

For the remaining part of this chapter, we will first discuss the properties of 2D materials 



 

3 

 

(semiconducting TMDs in particular) in greater detail. This discussion will be followed 

by synthesis techniques for TMDs and the limitations on device performance. Finally, 

we will provide an outline of the thesis at the end. 

1.2 Properties of 2D Materials 

 In their bulk form, 2D materials belong to a category of layered materials. The 

bulk crystals are composed of individual 2D layers stacked together by weak van der 

Waals (vdW) forces33,34. The monolayer had long been predicted to be unstable under 

ambient conditions. The resurgence of the interest in these materials came in 200419, 

when researchers from University of Manchester successfully isolated a monolayer of 

carbon that was stable under ambient conditions. The isolated carbon monolayer, termed 

graphene, showed field-effect conductivity, with a high charge carrier mobility of 

around 10,000 cm2/Vs. This result propelled the research community in the direction 

of fabricating atomically-thin circuitry. Even though numerous other interesting 

properties of graphene5,8,35–37, such as the fractional quantum Hall effect35,36, have been 

discovered since, its applications in modern digital electronic devices are still limited 

due to its lack of bandgap.  

Inspired by the isolation of graphene, many other layered materials that possess 

complementary properties to graphene have also been successfully isolated in 

monolayer form7,11,14,18,38,39. Figure 1.1 shows a summary of the isolated monolayers 

that have been reported21. They have various electrical properties, ranging from 

insulating (e.g. hBN), semiconducting (e.g. MoS2 and WS2), metallic (e.g. NbS2), to 

superconducting (e.g. NbSe2). Among them, TMD monolayers are of particular interest 
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due to their wide range of properties resulting from the vast tunability of their elemental 

composition and lattice structures. 

Figure 1.1 2D material library.  

Monolayers proved to be stable under ambient conditions (room temperature, in air) are 

shaded blue; those that are likely stable in air are shaded green; and those unstable in 

air, but that may be stable in inert atmosphere, are shaded pink. Grey shading indicates 

3D compounds that have been successfully exfoliated down to monolayers, but for 

which there is little further information. Reproduced from Ref. 21. 

 

 Many TMDs crystallize in a graphite-like layered structure. Each layer typically 

has a thickness of 6~7 Å, which consists of a hexagonally packed layer of metal atoms 

(M) sandwiched between two layers of chalcogen atoms (X)40–42. The intralayer M–X 

bonds are predominantly covalent in nature, whereas the individual sandwiched layers 

are coupled by weak van der Waals forces, thus allowing the crystal to readily cleave 

along the layer surface. The metal atoms provide four electrons to fill the bonding states 

of TMDs such that the oxidation states of the metal and chalcogen atoms are +4 and –

2, respectively. The lone-pair electrons of the chalcogen atoms terminate the surfaces 

of the layers, and the absence of dangling bonds renders those layers stable against 

reactions with environmental species. The electronic structure of TMDs strongly 

depends on the coordination environment of the transition metal and its d-electron count. 

This gives rise to an array of electronic properties as summarized in Fig. 1.1.  
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Figure 1.2 Schematic of two polymorphs for monolayer TMDs. 

Section view of single-layer TMD with trigonal prismatic (a) and octahedral (b) 

coordination. Atom color code: purple, metal; yellow, chalcogen. The labels AbA and 

AbC represent the stacking sequence where the upper- and lower-case letters represent 

chalcogen and metal elements, respectively. Reproduced from Ref. 3. 

 

Electronic properties can also be affected by the crystal structure of TMDs43,44. 

Using monolayer MoS2 as a representative example, monolayer MoS2 crystals will 

exhibit one of the following two polymorphs (see Fig. 1.2 for the schematic), depending 

on the stacking order of the S atoms: the trigonal prismatic (2H) and octahedral (1T) 

phases. The former refers to the crystal structure where the two S atoms are aligned on 

top of one another, and the resulting monolayer MoS2 is semiconducting, while the latter 

refers to the structure where one of the S atoms is shifted relative to the other, resulting 

in metallic MoS2.  

1.3 Exfoliation & Synthesis of ML TMDs 

 There are two major methods for obtaining monolayer TMDs. The first is by 

top-down exfoliation using Scotch tape,19 similar to what is done for graphene. The 
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resulting monolayer is of the highest quality, since the original bulk crystal is either 

naturally-occurring or synthesized with extremely well-controlled conditions that 

dramatically reduce the concentration of defects. High quality bulk crystals of various 

TMDs are readily available, providing easy-access to a wide range of materials. 

However, the throughput of this process is low, thus limiting its scientific and practical 

application. On the other hand, bottom-up synthesis techniques, such as chemical vapor 

deposition (CVD)45–47, have been gaining popularity due to their scalability, whereby 

centimeter-scale or even wafer-scale (over 4 inch) monolayer films can be grown on 

various substrates. These large-scale growth techniques do also have their own issues. 

For instance, defects, such as chalcogen vacancies, are constantly being generated by 

the heat during the CVD process. In addition, the resulting as-synthesized film is 

polycrystalline, where the stitching between grains is often imperfect. This leads to the 

formation of charge scattering centers that limit the electrical performance of the 

resulted TMD monolayer films. More work needs to be done to optimize both of these 

approaches for large-scale production of high quality TMD monolayers. 

1.3.1 Top-down Exfoliation 

In this subsection, we will present the tape-based, top-down exfoliation 

method48in greater depth. In a typical mechanical exfoliation process, appropriate thin 

TMD crystals are first peeled off from the bulk crystal by using adhesive Scotch tape 

(Fig. 1.3, top panel). The freshly cleaved, thin crystals on the Scotch tape are brought 

into contact with a target substrate and rubbed to further cleave them. After the Scotch 

tape is peeled back, single-layer and multilayer TMD nanosheets are left on the substrate 

(Fig. 1.3, bottom panels a–d). While this method produces single-crystal flakes of high 
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purity and cleanliness that are suitable for fundamental characterization and  fabrication 

of individual devices, it is not scalable and does not allow systematic control of flake 

thickness and size. 

Figure 1.3 Scotch tape exfoliation of TMD monolayers & multilayers. 

Top: Schematic of micromechanical cleavage technique (the Scotch tape method) for 

producing few-layer and monolayer structures. First, adhesive tape is used to cleave the 

top few layers from a bulk crystal (top row of the schematic). Second, the tape with 

removed flakes is pressed against the substrate of choice (bottom-left of the schematic). 

Finally, some flakes stay on the substrate, even on removal of the tape (bottom-right). 

Bottom: Mechanically exfoliated single- and few-layer MoS2 nanosheets on 300 nm 

SiO2/Si. Optical image (a–d). Reproduced from Ref. 48. 

 

Researchers have also attempted to increase the area of exfoliated monolayers. 

For example, it was proposed to make use of chemically enhanced adhesion49,50. Taking 

advantage of the chemical affinity of sulphur atoms for gold, the top layer of a TMD 

crystal can bind more strongly to a gold surface than to the layers underneath it. Single 

layers of various van der Waals bonded chalcogenides, such as MoS2, WSe2 and Bi2Te3, 

with lateral sizes of several hundreds of microns, were successfully exfoliated this way, 

as shown in Fig. 1.4. Although this method can greatly increase the flake area, it is still 
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not feasible for large-scale production of TMD monolayers for technological 

applications.  

Figure 1.4 Mechanical exfoliation through chemically enhanced adhesion of large 

area, single-layer MoS2.  

Optical microscopy images (a,b) of MoS2 single-layer areas (1L, outlined by dotted 

lines) with several hundreds of microns lateral size exfoliated on gold (Au 111) 

substrate. The flakes of blue color are thick MoS2 multilayers. The large areas of the 

faintest optical contrast have been confirmed to be single layers by Raman spectroscopy 

(inset). Reproduced from Ref. 50. 

 

1.3.2 Bottom-up TMD ML Synthesis through Powder CVD 

Developing methods for synthesizing large-area, uniform layers of TMDs is 

important for practical applications. Just as CVD deposition of graphene was a 

breakthrough that enabled the synthesis of large area sheets, CVD is also seen as the 

technique of choice for the production of monolayer TMDs. Early work in TMD CVD 

synthesis focus on using solid, powder metal and chalcogen precursors,45–47,51,52 as 

shown in the schematic (Fig. 1.5a). Briefly, metal and chalcogen powders are loaded 

into a growth furnace in different temperature zones, with the growth substrate facing 

upside down on the crucible containing the metal precursors. As the furnace is heated 

up, the metal and chalcogen precursors start to generate vapor, and the inert carrier gas 
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(usually Ar or N2) brings the chalcogen vapor downstream where it reacts with the metal 

vapor on the substrate surface.  

Figure 1.5 CVD growth of MoS2 using powder precursors. 

(a) Schematic of a powder CVD growth system using a hot-wall furnace and (b) 

representative optical images of the resulting MoS2, which show spatial inhomogeneity 

in the coverage of the material. Reproduced from Ref. 24.  

 

Figure 1.5b shows an optical image of monolayer MoS2 grown on a SiO2/Si 

substrate using the powder growth method. Although millimeter scale monolayer films 

can be grown using the method, the growth becomes inhomogeneous, with varying 

coverage and layer thickness across the substrate, beyond that length scale. This is 

mainly attributed to the uncontrolled vapor pressure of the metal and chalcogen powders 

during the growth.  

1.4 Optimizing Electrical Device Properties 

 The materials obtained from either of the methods mentioned in the previous 

sections can be used for the fabrication of functional electrical devices. Among these 

devices, the field-effect transistor (FET) is the most basic unit of modern electronics1,39. 
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The device structure of an FET consists of four parts: three metallic electrodes (source 

(S), drain (D) and gate (G) electrodes) and one semiconducting channel. During 

operation, the charge carriers are injected through the source, pass through the channel 

and collected at the drain. By applying a voltage on the gate, which is separated by a 

layer of dielectric, an electric field will be generated, which, in turn, can modulate the 

electrical conductivity of the channel. A schematic of monolayer MoS2 FET is shown 

in Fig. 1.6. 

Figure 1.6 Monolayer MoS2 FET device. 

Schematic of FET device based on monolayer MoS2. Reproduced from Ref. 39. 

 

Conventionally, metallic electrodes are deposited on the top surface of the 

semiconducting channels through various processes such as evaporation and sputtering. 

For bulk materials, upon contact, the deposited metal forms covalent bonds with the 

(see Fig. 1.7a) semiconductor surface. For 2D materials, however, the surfaces are free 

of dangling bonds and therefore, the pristine surfaces of 2D materials do not tend to 

form covalent bonds with the deposited metal. Instead, they are connected by vdW force 

and thus the interfaces between metals and 2D materials in the topcontact configuration 

include a vdW gaps (Fig. 1.7b).  
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Figure 1.7 Different types of metal-semiconductor junction. 

Schematic of a typical (a) metal-bulk semiconductor and (b) metal-2D semiconductor 

junction. Reproduced from Ref. 29. 

 

 While the physical evaporation or sputtering are the most convenient ways to 

deposit the electrodes, they come with costs. For example, the strong energy of the 

evaporated or sputtered metal often causes damages to the ultrathin materials53, by 

creating structural defects and in in-gap states that pin the Fermi level. An example is 

shown in Fig. 1.8 f-i. An alternative approach of generating metal contacts on 2D 

materials is through transfer. Fig 1.8, which was reported by Duan group53 

schematically demonstrates this. Briefly, the electrodes are deposited on a substrate, 

picked up by polymer and transferred onto the 2D materials. There, the surfaces of the 

2D materials and the bottom surfaces of the electrodes will be put into close contact, 

eventually forming defect free junction as shown in Fig. 1.8 b-e.   
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Figure 1.8 Transferred versus evaporated top electrodes. 

(a) Schematic showing the transfer process of top electrodes. (b-c) and (f-g) are ball & 

stick models showing the interface when the electrodes are in closed contact with the 

underneath 2D materials by transfer and evaporation method respectively. (d) and (h) 

are cross-section TEM images of the resulted junction by the two methods as labeled. 

(e) and (i) are optical images showing the resulted 2D material after the electrodes, 

deposited by the two different methods (as labeled) are peeled off from it. Reproduced 

from Ref. 53. 

 

 This work show that such defect free junction indeed resolves the Fermi level 

pinning problem and show great device performance. However, the contact area remains 

large. To reduce the contact area, researchers have been exploring the opportunity to 

contact the 2D materials through their edge that is thinner than 1 nm.  

Recently, such technique was first demonstrated on graphene54. The schematic 

shown in Fig. 1.9 (a) shows the process. In short, graphene was transferred and forms a 

sandwich structure encapsulated by top and bottom hBN crystals. Then by reactive ion 

etching, the edges of the graphene are exposed, and the subsequent metal evaporation 

forms the direct contact between the metal and the exposed graphene edge. The bright-
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field TEM image and the EELS map shown in Fig. 1.9 (b) confirm that the junction is 

defect free. This results in high performance graphene FET device that shows carrier 

mobility up to 140,000 cm2/Vs. 

Figure 1.9 Metal to graphene edge contact. 

(a) Schematic showing the fabrication process for forming edge contact to graphene. (b) 

High-resolution bright-field STEM image showing the details of the edge contact 

geometry. The expanded region shows a magnified false-color EELS map of the 

interface between the graphene edge and metal lead. Reproduced from Ref. 54. 

 

 While such one-dimensional contact has greatly reduced the contact area, the 

contact volume still overwhelms the entire device volume. It will be ideal if the contact 

volume can be reduced further while utilizing the same to atomically thin in this edge 

contact geometry. In Chapter 3, we offer our approach to achieve a good electrical 

contact to 2D materials with atomically thin edge contacts. 

Another important technique to have in realizing atomically thin circuitry is 

controlled substitutional doping. It granted our capability to control charge carrier type 

and electrical conductivity at spatially defined regions which results in various 

functional electrical devices that forms the basis of the modern electronics. 
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 For conventional, bulk semiconductors, doping is commonly achieved through 

either growing the materials doped (n-type Si for example) or ion implantation55. For 

the latter, the semiconductor substrates are bombarded with high energy dopant ions. 

After the bombardment, the dopant ions diffuse through the material, in which the 

diffusion depth is dependent on the ion energy, and eventually settle in the lattice of the 

host material. Both n-type and p-type charge carriers can be introduced by choosing the 

appropriate dopants, and the conductivity can be tuned over 8 orders of magnitude. This 

technique, however, proves difficult for 2D materials.  

Figure 1.10 Ion Implantation for MoS2 multilayers. 

(a) Schematic of the plasma immersion ion implantation method. (b) Transfer curves of 

doped MoS2 with different doping concentrations. Reproduced from Ref. 32. 

 

Similar concepts to ion implantation have indeed been applied to 2D materials32. 

For example, Fig. 1.10a shows a schematic of the plasma immersion ion implantation 

for the phosphorus doping of MoS2. Here, inductively-coupled phosphorus plasma is 

generated and bombarded on a few layers of MoS2 with pulsed bias. This technique 

successfully tuned the charge carrier type and electrical conductivity of the MoS2, as 

shown in Fig. 1.10b where the device transitions from n-type to ambipolar, p-type with 

increasing phosphorus doping concentration.  
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 However, this technique has a major drawback. Upon bombardment with high 

energy ions, the top-most layers of the material are damaged and removed. As shown in 

Fig. 1.11, the thickness of few-layer MoS2 (Fig. 1.11a) is noticeably reduced upon ion 

implantation (Fig. 1.11b). The fragility of layered  materials against high energy ion 

beams is even more pronounced when the thickness of the material approaches 

monolayer. This limits the practical applicability of ion implantation for the post-

synthesis doping of 2D materials. 

Figure 1.11 Thickness reduction upon ion implantation. 

Thickness of few-layer MoS2 before (a) and after (b) ion implantation. Reproduced from 

Ref. 32. 

 

 On the other hand, introducing dopants directly during the growth will not have 

such problems. Figure 1.12 shows the schematic depicting a typical Siemens Reactor 

for CVD growth of polysilicon56. Here, the silicon precursors are introduced to the 

reactor in the gas form together with carrier gases. The silicon precursors will 

decompose on the surface of the hot polysilicon rod forming new polysilicon. During 

this process, additional dopant precursors such as AsH3, PH3 and B2H6 can be added 

controllably and this leads to the growth of doped silicon with controlled dopant 

concentration. For 2D materials, the same capability can be realized if appropriate 

precursors can be identified and if the growth reactor can be modified accordingly. To 
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date, controlled doping in 2D materials during synthesis has not yet been achieved. This 

motivates our work which we describe in Chapter 4. 

Figure 1.12 Siemens Reactor for silicon growth. 

Schematic of Siemens Reactor for silicon growth. Reproduced from Ref. 56. 

1.5 Thesis Outline 

As discussed in this chapter, ML TMDs possess many attractive properties that 

make them ideal candidates for building atomically-thin circuitry. Many interesting 

phenomena have been reported and much progress has been made for the large-scale 

production of the monolayer films. However, there remains tremendous challenges for 

their widespread practical applications.  

In this thesis, we will present our approaches, based on a controllable synthesis 

technique (Chapter 2), to the two challenges mentioned in Chapter 1.1. Specifically, in 

Chapter 3, we will discuss our results in creating atomically-thin ohmic contacts to ML 

TMDs through the edges of the material for efficient charge carrier injection with 
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minimized overall device volume. Our work on controlling the conductivity and charge 

carrier polarity of semiconducting TMDs through substitutional doping will be 

presented in Chapter 4. This will be followed by a discussion of unconventional dopant 

carrier behaviors in 2D materials, as compared to 3D systems, in Chapter 5. Finally, in 

Chapter 6, we will demonstrate another unique capability of our MOCVD synthesis 

method that has potential for future device scaling. 
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CHAPTER 2 

CONTROLLABLE SYNTHESIS OF TRANSITION METAL 

DICHALCOGENIDES 

 

2.1 Introduction 

 An approach to realizing electrical contact to 2D semiconducting materials is to 

form seamless bonding between the metal and 2D semiconductors, and the practical 

doping method requires precise control of the dopant concentration in the lattice, while 

maintaining the integrity of the 2D film. Both goals can be realized through controllable 

material synthesis. For the former, by growing metallic and semiconducting materials 

sequentially, the active edge of the first material can be used as the nucleation sites for 

the second material, which ensures covalent bonding between the two while minimizing 

the contact area. For the latter, by introducing precise amounts of dopant precursors 

during the 2D material synthesis, the dopant type and the dopant concentration in the 

final film can be well-controlled. The resulting film is free of structural damage, since 

the method preserves the lattice crystallinity. To achieve the two above goals, the 

growth method should be able to modulate the growth mechanism and deliver 

precursors in any desirable amount precisely. 

 The concept of using a growth method to generate metal-to-semiconductor 

heterojunctions57–59 and to introduce substitutional dopants has already been explored 

by other groups60–66. However, the existing works have key limitations that prevent them 

from practical use. In this chapter, we will first present representative works from 
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literature58,67 and discuss their major advantages and limitations. Then, we will present 

our growth method, which forms the foundation s for the rest of the thesis.  

2.2 Generating Metal to Semiconductor Junction via Growth 

 The powder CVD growth of TMDs is discussed in Chapter 1.3.2. In short, metal 

and chalcogen precursor powders are loaded into a furnace with the growth substrate 

placed closely to the precursors or facing upside down on the crucible containing the 

metal precursors. Carrier gas then brings the precursor vapors downstream where they 

react on the substrate surface. 

 This can be a versatile platform for forming heterojunctions or creating doped 

materials. For the former, after the growth of one material, the precursors in the furnace 

can be replaced to the ones for the second material growth. Here, the material formed 

on the previous substrate can be inserted back for the generation of heterostructures. For 

the growth of doped materials, the addition of a dopant precursor in the furnace can lead 

to incorporation of the impurities in the host material lattice. In this and the following 

sections, we discuss two representative works57, 67, based on powder CVD synthesis, 

which demonstrated these capabilities. 

We will first start with the formation of heterostructure. Generation of a hetero 

junction using synthesis requires exposing the edges of the first material, followed by 

the growth of the second material. Figure 2.1 schematically demonstrates this process, 

using exfoliated 2D flakes as the first material58. As the figure shows, the exfoliated 

flakes (semimetallic graphene, in the schematic), with exposed active edges around the 

perimeter, are first transferred onto a substrate (SiO2/Si). Then, the growth of the 

semiconducting 2D material is performed using the CVD powder growth method. The 
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film nucleates at areas around the pre-transferred flakes and extends to cover the rest of 

the bare SiO2/Si substrate. 

Figure 2.1 Schematic of the synthesis method for heterostructure generation. 

The first material (graphene in the schematic), with all the edges on the perimeter 

exposed, is transferred onto a growth substrate, then the second material, using powder 

CVD, is grown. Reproduced from Ref. 58. 

 

 This method can be applied to different 2D material combinations. Fig. 2.2 

shows the growth results of heterostructures of graphene-MoS2, WS2-MoS2 and hBN-

MoS2 as prototypical metal-semiconductor (M-S), semiconductor-semiconductor (S-S), 

and insulator-semiconductor (I-S) heterostructures, respectively. Fig. 2.2a, c, e show a 

schematic of each heterostructure, and Fig. 2.2b, d, f show their optical microscopy 

characterizations. Photoluminescence (PL) and Raman maps (Fig. 2.2b, d, f)  collected 

across the heterojunctions show non-overlapped chemical signatures from the two 

materials, implying that sharp, well-stitched heterostructure boundaries formed at the 

edge of the first material, with no breaks or tears. 
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Figure 2.2 Schematic and optical characterization of heterostructures.  

(a,c,e) Schematic of the graphene-MoS2, WS2-MoS2 and hBN-MoS2, respectively. 

(b,d,f), Typical optical images and Raman/PL maps of the structures corresponding to 

(a), (c), and (e). Reproduced from Ref. 58. 

 

To achieve these heterostructures on the large scale, the method described above 

is slightly modified. Continuous films grown by CVD are used as the starting material, 

in place of the exfoliated flakes. Briefly, the first material is grown on the substrate 

using CVD, and the resulting film is subjected to a combination of conventional 

photolithography and plasma etching to generate arrays of patterned structures with 

exposed active edges. Then, the growth of the second material is performed in the same 

way as in the previous section. A representative heterostructure of graphene/MoS2 

arrays is shown in Fig. 2.3. The optical image (Fig. 2.3a), Raman mapping (Fig. 2.3b) 

and PL mapping (Fig. 2.3c)again show the spatially defined junctions. 
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Figure 2.3 Optical characterization of patterned-regrown heterostructures.  

(a) Optical microscopy images, (b) graphene Raman mapping and (c) MoS2 PL mapping 

for the patterned-regrown graphene/MoS2 heterostructures. Reproduced from Ref. 58. 

 

 Although the optical characterizations suggest a sharp junction at the interface 

of the heterostructure, the resolution of these techniques are rather limited. In fact, a 

closer examination of the junction using transmission electron microscopy (TEM) 

reveals that the second material actually overlaps with the first grown material. Figure 

2.4a shows bright-field (BF) TEM image of the graphene/MoS2 junction, with the 

dashed line indicating the interface between the two materials. The interface is studied 

more closely using high resolution (HR) TEM in Fig. 2.4b. The HR-TEM image shows 

that there is an overlapping region of 2.5 nm between the two materials. Contrary to the 

original expectation, the interface is not atomically sharp, and covalent bonding between 

the two materials is not realized. The reason for this will be discussed in Chapter 2.4. 
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Figure 2.4 TEM characterization of graphene/MoS2 heterostructure.  

(a) BF-TEM image and (b) HR-TEM image of graphene/MoS2 heterostructures 

showing overlapped regions in nm scale. Reproduced from Ref. 58. 

 

2.3 Substitutional Doping During Growth 

 Substitutional doping of 2D semiconductors can be achieved using the powder 

growth method as well, with solid dopant precursors loaded into the growth chamber67. 

Figure 2.5 schematically shows the growth of Nb-doped WS2 on sapphire (Fig. 2.5a) 

and Re-doped MoS2 on SiO2/Si (Fig. 2.5b). Here, NbCl5 and ReO3 are used as the 

precursors for the Nb and Re dopants, respectively. The dopant precursors are loaded 

into the growth chamber together with the metal and chalcogen precursors. Vapors of 

each precursor are generated through heating and are carried by inert gas to the growth 

substrate located downstream. The material nucleates on the substrate and grows with 

the dopants incorporated into the lattice.  
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Figure 2.5 Schematic showing the growth of doped WS2 and MoS2.  

(a) Schematic showing the growth of Nb-doped WS2 using NbCl5 as the dopant 

precursor. (b) Schematic showing the growth of Re-doped MoS2 using ReO3 as the 

dopant precursor. Reproduced from Ref. 67. 

 

 A representative result of the Nb doping of WS2 during growth is shown in Fig. 

2.6. The scanning electron microscopy (SEM) image in Fig. 2.6a shows typical 

triangular WS2 grains on a sapphire substrate. This implies that the incorporation of the 

dopants does not introduce other lattice defects to the film. Note that the grains in the 

image are of different sizes, and that they are disconnected. This is commonly observed 

for materials that are grown using the powder growth method, which typically results 

from non-homogeneous material nucleation. The scanning transmission electron 

microscopy (STEM) image in Fig. 2.6b directly probes the atomic structure of the doped 

material. It shows that some of the metal atoms have indeed been replaced by foreign 

Nb atoms and that they are distributed randomly in the lattice of the host material. 
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Figure 2.6 Electron microscopy characterization of Nb-doped WS2.  

(a) SEM image of monolayer Nb-doped WS2 triangles. (b) Aberration-corrected Z-

contrast STEM image from monolayer Nb-doped WS2. The yellow and purple dots 

represent W and Nb atoms, respectively. Reproduced from Ref. 67. 

 

 The identity and concentration of the foreign atoms can be examined more 

closely by X-ray photoelectron spectroscopy (XPS). Figure 2.7a shows the XPS scans 

of the Nb 3d region of pure and Nb-doped WS2. Peaks can clearly be seen when the 

NbCl5 is loaded in the growth chamber, confirming the feasibility of the doping method. 

The concentration of the dopants can be calculated by integrating the peak area of the 

dopant spectrum and comparing against the peak area of the host atoms, such as W and 

S that are shown in Fig. 2.7b and c, respectively. The XPS scans of the W and S regions 

also reveal a red shift of the binding energies of both elements, which implies the 

lowering of the Fermi energy upon Nb doping. This is expected for WS2, since Nb has 

one less electron than W and should act as an electron acceptor. 
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Figure 2.7 XPS characterization of Nb-doped WS2.  

XPS scans of (a) Nb 3d, (b) W 4f and (c) S 2p regions for pure WS2 and Nb-doped WS2. 

Reproduced from Ref. 67. 

 

 The impact of dopants on the electrical properties of 2D materials can be best 

studied by electrical device analysis, however, there are many limitations associated 

with the existing growth technique that prevent the systematic study of dopants and the 

electrical properties they confer. First, the sublimation and delivery of the dopant 

precursors are not well-controlled, resulting in random doping concentrations in the 

final film. Second, the powder growth method generates inhomogeneous films or 

discontinuous flakes that cannot be used to generate arrays of devices to produce 

statistically meaningful data. 

2.4 Advantages and Limitations of Powder CVD synthesis 

 One of the major benefits of using powder CVD synthesis method is that it has 

a wide spectrum of chemical precursors that are compatible with the technique. As 

mentioned, the precursors are placed inside the furnace where the growth temperature 

is typically high (ranging from 500 to 900° C). The high temperature creates enough 

vapor pressure for most of the chemical precursors and this results in quick 

demonstration of material growth and short growth time. 
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 On the other hand, a key limitation of this technique is the lack of precise control 

of the amount of precursor vapors throughout the growth because it generally cannot 

individually monitor or control precursor concentrations. The fluctuation of the gas 

generation and delivery will lead to inhomogeneous nucleation, generating grains of 

various thickness or overlapping junctions as seen in Chapter 2.2. It also leads to random 

doping concentration when incorporating impurities, and this prevents the systematic 

study of the dopants and the electrical properties they produce. Overall, while powder 

CVD growth provides a feasible platform for various initial demonstrations, the growth 

environment and kinetics is not fully controlled, and this results in materials that lack 

the structural and chemical homogeneity in large-scale. 

2.5 Controlled Synthesis through MOCVD 

 The structural and chemical homogeneity in large-scale can be accomplished if 

the environment of the growth system, including furnace temperature, total pressure, 

growth time and chemical precursor delivery, can be precisely modulated. While the 

first three can be managed relatively easily with commercially available heaters and 

pumps, the precise delivery of precursor is more challenging. Achieving this will 

improve the control of the growth mechanism, atomic composition and homogeneity of 

the film on the large scale. For that, one possibility is to equip the growth system with 

all gas-phase precursors. Metal-organic chemical vapor deposition (MOCVD) is one 

such choices in this situation, since many metal-organic precursors for the relevant 

elements are readily available and have relatively high vapor pressure, which allows the 

precise delivery of the vapors through high-precision flow-control devices, such as mass 

flow controllers (MFCs).  
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 The schematic shown in Figure 2.8 illustrates the MOCVD system developed 

by our group25 for the growth of ML MoS2 and WS2. Here, molybdenum hexacarbonyl 

(MHC), tungsten hexacarbonyl (THC) and diethyl sulfide (DES) are selected as the 

chemical precursors for Mo, W and S, respectively due to their relatively high vapor 

pressure at room temperature. The vapors of these precursors, either generated naturally 

at room temperature or by slight heating, are introduced into the hot-walled furnace. 

Carrier gases H2 and Ar are injected into the chamber using separate lines. The 

concentration of each reactant and carrier gas can be precisely controlled during the 

entire growth time by regulating the pressure of each of them through separate MFC.  

Figure 2.8 MOCVD growth of continuous monolayer TMD films.  

Diagram of our MOCVD growth setup. Precursors were introduced into the growth 

chamber with MFCs. Red, Mo or W atoms; yellow, S atoms; white, carbonyl or ethyl 

ligands. Reproduced from Ref. 25. 

 
 Details of the controllability of the film growth is demonstrated in Fig. 2.9. The 

SEM images in Fig. 2.9 show that the grain size of the material decreases as the flow 

rate of H2 (Fig. 2.9a), DES (Fig. 2.9b) or MHC (Fig. 2.9c) increases. The trend is 

explained by the increased nucleation density when the partial pressure of sulfur and 

Mo increases in the growth chamber. For hydrogen, it induces the decomposition of 

DES and hence also results in higher nucleation density and smaller grain size. We note 

that the higher flow rate of precursors also results in nonuniform nucleation with random 
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thickness (Fig. 2.9c). Energetically, the edge of the grains and the surface of substrates 

are more energetically favorable than the surface of the grains for atoms to attach. When 

the amount of the precursors increases, the deposited atoms have a smaller chance to 

diffuse to the thermodynamically favorable spots. Instead, they have a larger chance of 

nucleating directly on the existing grain surfaces. This random multilayer nucleation is 

commonly observed in powder growth systems, and the lack of control of the precursor 

generation and delivery explains this behavior. The use of metal-organic precursors, in 

combination with the MFCs, ensures that all the precursors are delivered precisely, as 

desired. The wide tunability of growth parameters enables us to find the exact conditions 

for the optimized growth of the monolayer films. 

Figure 2.9 Effect of gas flow rates on TMD growth. 

SEM images showing the effect of (a) hydrogen gas flow rate, (b) sulfur precursor gas 

flow rate and (c) Mo precursor gas flow rate on the morphology of MoS2. Reproduced 

from Ref. 25. 

 

 Under the optimized growth conditions, particularly low DES and MHC flow 

rates, the MoS2 film grows in a layer-by-layer growth mode. Fig.2.10a shows optical 
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images of this type of growth at different growth times, where t0 is the growth time for 

full monolayer coverage. The correlated plot of monolayer(θ1L) and multilayer (θ≥2L) 

coverage on the growth substrate is shown in Figure 2.10b. As it shows, the growth can 

be divided into 5 stages: the initial nucleation (t < 0.5t0) where small triangles form, 

monolayer grain extension over the growth substrate (0.5t0-0.8t0), grains merging for 

full monolayer coverage (t0), bilayer nucleation at grain boundaries (1.2t0), and bilayer 

growth (2t0). No nucleation of a second layer is observed until the full monolayer 

coverage over the substrate, resulting in an optimal growth time, t0. 

Figure 2.10 Layer-by-layer growth of TMD films. 

(a) Optical images of MOCVD-grown MoS2 at the indicated growth times, where t0 was 

the optimal growth time for full monolayer coverage. Scale bar, 10 m. (b) Coverage 

of monolayer (θ1L, green) and multi-layer (θ≥2L, purple) regions as a function of growth 

time. Reproduced from Ref. 25. 

 

 With this growth system, homogeneity is seen over the full 4-inch wafer scale. 

Figure 2.11 presents images of the continuous TMD monolayer films. The color photos 

of the MoS2 (Fig. 2.11a; greenish yellow) and WS2 (Fig. 2.11b; yellow) films grown on 
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a transparent, 4-inch fused silica wafer show that the TMD-grown region (right half) is 

free of apparent defects and the color is uniform over the whole substrate. 

Figure 2.11 Wafer-scale monolayer TMD films. 

Photographs of monolayer MoS2 (a) and WS2 (b) films grown on 4-inch fused silica 

substrates, with diagrams of their respective atomic structures. The left halves of the 

photographs show the bare fused silica substrate for comparison. Reproduced from Ref. 

25. 

 

The structural continuity of our MoS2 films grown under the optimized 

conditions on different length scales is verified by the dark-field TEM (DF-TEM) and 

annular dark-field STEM (ADF-STEM) images shown in Fig. 2.12a and b. The DF-

TEM images show a continuous, polycrystalline monolayer film with no visible gaps 

between the grains or overlapped regions at nanometer scale while the ADF-STEM data 

(Fig. 2.12b) shows a seamless lateral connection between the atoms of the adjacent 

grains at atomic scale. 

The controllable, layer-by-layer growth mechanism and the lateral stitching 

between the grain boundaries suggest that this MOCVD synthesis may provide a method 

to generate heterostructures of dissimilar materials. The layer-by-layer growth 

mechanism will ensure that precursors of the second material in the process, even if they 

land on top of the first material, will diffuse to a thermodynamically favorable position 
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for nucleation, either the edge of the first material or on the bare growth substrate. This 

will facilitate the formation of covalent bonds at the interface between the two materials 

and greatly enhance the electrical properties of the heterojunction. Therefore, this 

technique forms the basis for our work to be discussed in Chapter 3. 

Figure 2.12 TEM characterization of MOCVD-grown MoS2. 

(a) False-color DF-TEM image showing a continuous monolayer MoS2 film. Scale bar, 

1 m. (b) ADF-STEM image of a laterally stitched grain boundary of a monolayer MoS2 

film, with red and yellow dots representing the Mo and S atoms, respectively. Scale bar, 

1 nm. Reproduced from Ref. 25. 

 

 This MOCVD synthesis also demonstrates excellent capability for introducing 

substitutional dopants during the growth. For example, Fig. 2.13 shows the STEM 

image of W-doped MoS2, that was grown with both metal precursors present in the 

furnace during the growth. Here, the W atoms are distributed randomly in the lattice 

sites of the original Mo atoms, and there are no significant structural defects induce by 

these substitutions. W is isoelectronic with Mo, so it does not change the electrical 

properties of the material. However, this provides a clear path for the n-type and p-type 

substitutional doping of 2D materials when appropriate dopants and their corresponding 

precursors are identified. The generation and delivery of the dopant precursors can be 
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precisely controlled using our MOCVD system, which we will discuss further in 

Chapter 4.  

Figure 2.13 STEM image of W-doped MoS2. 

STEM image of W doped MoS2 where W atoms are bright and the Mo atoms are darker. 

 

 The controllability of the MOCVD synthesis method enables many potential 

applications. However, it also has its own limitations. One of the biggest limitations for 

MOCVD is the limited availability of appropriate chemical precursors as it requires the 

chemical precursors to have relatively high vapor pressure. The vapor generation of a 

chemical precursor can be enhanced using, for example, extensive heating, and for this 

the growth setup often requires careful modification as discussed in Chapter 4. 

2.6 Summary 

 In this chapter, we discussed the feasibility of using a material synthesis 

technique to grow seamlessly stitched, lateral metal-semiconductor junctions and 

substitutionally-doped 2D semiconductors. An optimized growth system, where all 

precursors can be controllably generated and precisely delivered into the growth 
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chamber, is necessary. Our approach, based on MOCVD, may offer the unique 

capabilities to overcome the existing challenges, and this forms the basis for the works 

to be discussed in the rest of this thesis. 
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CHAPTER 3 

ATOMICALLY-THIN OHMIC EDGE CONTACTS 

BETWEEN 2D MATERIALS 

 
3.1 Introduction 

One of the key driving forces for modern technological development is the 

constant miniaturization of devices that enable products to house more and more active 

electrical components per unit area1. As the device size and thickness keeps scaling 

down, the contact volume and contact resistance often dominate over the total device 

volume and resistance. As previously mentioned, there are two fundamentally different 

contact interface geometries68 for 2D materials: top contacts and edge contacts (Fig. 

3.1). Conventional methods use 3D metallic electrodes to top-contact monolayer 2D 

materials. Recent developments69–78 have shown that low contact resistance is 

achievable in this configuration, but the total electrode volume is an intrinsic problem 

for this approach. Graphene top-contacts57,58 can provide much smaller volumes with 

low contact resistances when they have sufficiently large contact areas. However, due 

to the van der Waals gap between graphene and the TMD, the contact resistance 

increases dramatically as the length of the graphene top contact is reduced below the 

transfer length to the tens of nm scale74,75.  

Edge contacts, on the other hand, offer the potential for efficient carrier injection 

into atomically-thin materials despite having a much smaller contact area defined by the 

thickness of the material. Conventional metal electrodes have been successfully used to 

make edge contacts to graphene54, but the large electrodes still dominate the device 
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volume. An alternative approach, which alters the crystalline phase of a semiconducting 

2D TMD to make it metallic79, generates an edge contact to the semiconducting area 

with small contact volume and resistance. However, the metallic phase is metastable, 

and this approach requires the use of methods that are specific to the chemical 

composition of the TMD. Realizing the full potential of atomically-thin TMD materials 

for electronics will require a method that produces contacts with a low intrinsic volume, 

are scalable with low contact resistance, are chemically and thermally stable, and are 

versatile toward use with different TMD materials80.  

In this chapter, which is largely adapted from Ref. 80 that I co-authored with 

Marcos H. D. Guimarães, we demonstrate edge contacts to monolayer TMDs that fulfill 

these requirements by using monolayer graphene as the electrode. We fabricate 

laterally-stitched graphene/TMD heterostructures using a scalable growth method that 

is homogeneous over the entire substrate. The resulting one-dimensional graphene 

(1DG) contacts show a low contact resistance (Rc) of approximately 30 km in 

average, with ohmic behavior down to liquid helium temperatures, while adding the 

least possible additional volume to the devices. 

Figure 3.1 Schematic of two different contact geometries. 

Schematic illustration of metal top (2DM) contacts (left) and graphene edge (1DG) 

contacts (right) for TMD devices. 
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3.2 High Performance Graphene/TMD FETs                    

Figure 3.2a summarizes our approach. A monolayer graphene film, grown by 

chemical vapor deposition81 is transferred onto a SiO2/Si substrate and patterned by 

photolithography and oxygen plasma etching as discussed in Chapter 2. The key step 

for making lateral connections between the graphene and a TMD is the use of the highly 

controllable MOCVD method25 for the growth of the single layer TMDs (MoS2 or WS2) 

from the graphene edges. As we mentioned previously, in this method, the ensuing TMD 

growth occurs only on the exposed SiO2 surface and not on top of the graphene. The 

resulting heterostructure film is then further processed to fabricate an array of devices 

that use graphene as the one-dimensional edge contacts to the TMD channels. 

Figure 3.2 Fabrication and performance of graphene edge-contacted devices. 

(a) The large-scale growth and fabrication process for producing TMD transistor arrays 

with 1DG edge contacts. (b) Top gate voltage (VTG) dependence of the two-terminal 

sheet conductance (□) measured from MoS2 devices (length 22 m and width 20 μm) 

with 1DG contacts (black curve) and with 2DM electrodes (red curve; contact 

dimensions 23 m ⨉ 22 m ⨉ 55 nm). Top inset: IV characteristics for the two devices 

at VTG = 3 V. Bottom insets: Cross-sectional device schematics for the devices with 

2DM (left) and 1DG (right) contacts, showing the TMD channel, the graphene contacts 

(g), and the source (S), drain (D) and top gate (TG) electrodes with the insulating HfO2 

layer. 
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In Figure 3.2b we plot the gate-dependent 2-probe conductance of a 

representative MoS2 device (22 m long) contacted by graphene electrodes (20 m 

wide) and compare it to the results from a device with conventional metal top contacts 

(dimensions 23 m ⨉ 22 m ⨉ 55 nm). All results shown here and discussed below 

were obtained under ambient conditions, unless otherwise noted. Both sets of contacts 

show ohmic behavior (see inset). 

Surprisingly, the graphene electrodes show a lower contact resistance despite 

the drastic reduction in the electrode volume and, as we confirm below, the contact area. 

This results in a higher 2-probe conductance, and therefore also an enhanced 2-probe 

field-effect mobility for the devices with 1DG contacts (Figure 3.2b; main panel). The 

improved contact resistance of the graphene electrodes implies that there is a strong 

connection between the edges of the graphene and the TMD, suggesting a lack of a van 

der Waals gap or tunnel barrier as previously observed in 2DM contact or overlapping 

graphene top contacts57,58. We note that the 2-probe mobility obtained using 1DG 

contacts ranges from 10 to 30 cm2/Vs, consistent with the previous MOCVD work, 

discussed in Chapter 2, done by other lab members in the group. 

3.3 Large-scale Spatially Defined Heterostructure Arrays  

The growth and fabrication process described above results in lateral 

TMD/graphene heterostructures with uniform properties over large areas. An optical 

micrograph of the heterostructure film over the centimeter-scale is shown in Fig. 3.3a. 

We observe homogeneous graphene/MoS2 heterostructures over the entire substrate, 

with no visible overlapped or multilayer regions in the optical contrast (see the 

magnified image in the inset, Fig. 3.3a). The monolayer homogeneity and spatial 
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controllability are further confirmed by the MoS2 PL (Fig. 3.3b) and graphene G-band 

Raman mapping (Fig. 3.3c). The PL and Raman intensity profiles extracted along the 

dashed lines of Fig. 3.3b and 3.3c show abrupt transitions within the optical resolution 

(approximately 1 μm) between the two materials (Fig. 3.3d), demonstrating precise 

spatial control and excellent compatibility of the growth method with large area 

patterning techniques. The TMD layer shows good optical properties as demonstrated 

by the sharp peaks in their PL spectra, similar to the spectra obtained for exfoliated 

flakes (Fig. 3.3e and 3.3f). 

Figure 3.3 Optical characterization of graphene/TMDs heterostructure  

(a) Optical image of a typical growth substrate over a 2 cm ⨉ 2 cm area. Each dark 

grey square contains 20 graphene stripes connected by a monolayer MoS2 film. 

Inset: Optical image showing monolayer MoS2 (darker) grown between graphene 

stripes (brighter). The scale bar is 15 m. (b) MoS2 photoluminescence (PL) intensity 

mapping centered at 650 nm and (c) graphene G-band Raman mapping. The scale bars 

are 25 m. (d) PL and Raman intensity profiles extracted along the dashed line as 

indicated in (b) and (c). PL spectrum for (e) MoS2 and (f) WS2. Inset: WS2 PL intensity 

mapping. The scale bar is 50 m. 

 

Systematic studies further show that the nucleation behavior of the TMD is 

strongly dependent on the partial pressure (PM) of the transition metal precursor 

(Mo(CO)6 for MoS2 and W(CO)6 for WS2) during the growth. A SEM image of a 
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representative sample grown under optimized conditions, with PM below 0.7 mTorr, is 

shown in Fig. 3.4a (main panel) where we observe no MoS2 nucleation on the graphene, 

nor the formation of multilayer MoS2 regions on the TMD film. On the other hand, when 

the growth is performed under a more reactive environment (higher PM), we observe 

multilayer MoS2 regions on both the graphene and the MoS2 film (Fig. 3.4a, inset). As 

shown below, the nucleation behavior of the TMD has a direct impact on the lateral 

stitching of the graphene and the TMD. 

Figure 3.4 SEM and DF-TEM imaging of graphene/MoS2 junction. 

(a) Scanning Electron Microscopy image of a graphene/MoS2/graphene lateral junction 

grown under a low Mo precursor pressure. Inset: SEM image of a junction grown under 

high Mo precursor pressure. The presence of few-layer MoS2 flakes (dark triangles) on 

the graphene and on the monolayer MoS2 film indicate a more reactive growth 

environment. (b) A dark-field transmission electron microscopy image of the lateral 

junction formed between graphene and MoS2, grown under a low Mo precursor 

pressure. The upper inset shows the diffraction spots used for the graphene area (green) 

and MoS2 (red). Lower inset: A representative DF-TEM image of an overlapped 

junction obtained under non-optimal (high precursor pressure) growth conditions. The 

scale bar is 50 nm. 

 

The lateral connection between the graphene and the TMD can be probed by 

DF-TEM. Fig. 3.4b shows a representative DF-TEM image of a graphene/MoS2 

junction grown under optimized conditions, showing no overlap region between the 

graphene and MoS2 within the imaging resolution (below 10 nm). The selected 
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diffraction spots are shown on the upper right inset. This lateral connection between the 

graphene and the MoS2 is observed consistently over different regions of the substrate. 

A representative example of an overlapped graphene/MoS2 junction, grown under high 

PM (above 1 mTorr), is shown in the inset of Fig. 3.4b. The overlapping structure is 

similar to those discussed in Chapter 2 and displayed much higher contact resistance 

(approximately 300 km) than our laterally-stitched 1DG contacts.  

In addition to DF-TEM imaging, we also performed HAADF imaging and 

electron energy loss spectroscopy (EELS) analysis of a graphene/MoS2 junction (Fig. 

3.5). Fig. 3.5a shows the HAADF image, which is highly sensitive to the atomic number 

and shows heavier elements with brighter contrast. We observe a sharp transition in the 

HAADF contrast at the junction. A similar abrupt transition is observed in the chemical 

analysis extracted by EELS (Fig. 3.5b). In order to improve the signal-to-noise ratio of 

the EELS line profile, we averaged 22 spectra over 80 nm parallel to the junction. 

The formation of the lateral connection between graphene and MoS2 (or WS2) 

only at low PM, is consistent with the layer-by-layer growth mode that we discussed in 

Chapter 2 using MOCVD. There, the nucleation and growth was limited to the SiO2 

growth surface until a fully continuous monolayer was formed. On the other hand, 

multilayer regions were found to form if the precursor concentration was higher. In our 

current work, we similarly found that the TMD only nucleates on the SiO2 surface or at 

the graphene edges at lower PM, and that the TMD grains grow across the SiO2 surface 

until they meet and laterally connect to form a complete layer. In contrast, with higher 

PM, the TMD also nucleates on the graphene surface, leading to multilayer formation 

and regions of overlapped graphene/TMD junctions (see inset of Fig. 3.4a). Thus, our 
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results strongly suggest that the precise control of the precursor pressures, which is a 

key feature of our MOCVD approach, is central to the fabrication of laterally-connected 

edge contacts between graphene and TMDs. 

Figure 3.5 HAADF and EELS analysis of graphene/MoS2 junction. 

(a) HAADF image of a graphene/MoS2 junction. The lower atomic number element (C 

in graphene) shows as a darker contrast and the higher atomic number element (S in 

MoS2) shows as a brighter contrast. (b) Normalized line profile for the integrated 

graphitic carbon peak (black) and the sulfur peak (red) obtained by EELS for the same 

region shown in (a). 

 

3.4 Low Contact Resistance Between Graphene and TMDs 

We performed quantitative determination of the contact resistance using the 

analog of Transfer Length Measurements (TLMs)71,75,79, based on the 2-probe resistance 

of TMD channels with varying lengths and fixed widths (see Fig. 3.6a for an optical 

image of a device). The total 2-probe resistance is 𝑅 = 2𝑅𝑐 + (
𝜌𝑇𝑀𝐷

𝑊
) 𝐿, where TMD is 

the TMD resistivity, and W and L are the width and length of the TMD channel, 

respectively.  In this analysis, we ignore the contact resistance between the graphene 
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and the metal contact. However, we note that this contribution can become relevant if 

the contact area between the metal electrode and the graphene is reduced.  

Figure 3.6 Contact resistance extraction and its lack of temperature dependence. 

(a) Optical micrograph of the device geometry used in the transfer length measurements, 

where L is the MoS2 channel length. (b) 2-probe resistance as a function of L for MoS2 

(black circles) and WS2 (blue triangles) with 1DG contacts. The y-intercept of the linear 

fits gives 2Rc and the slope gives the sheet resistance. (c) Rc values for different devices 

at high carrier density. The solid circles (solid squares) represent our MoS2 (WS2) based 

devices with 1DG contacts. The gray diamonds represent Rc for our 2DM contacts 

MoS2. Devices with 2DG contacts from Ref. 58 and 57 are denoted by the open triangle 

and open circle, respectively. (d) Source-drain current versus voltage at 293 K (red) and 

4.2 K (blue) for a MoS2 based device with 1DG contacts at VTG = 3 V (n ~ 1 ⨉ 1013 cm-

2). (e) Rc as a function of temperature for the same device in (d). 

 

Fig. 3.6b shows the measured dependence of R on L for two devices with 1DG 

contacts to MoS2 (black circles) and WS2 (blue triangles) channels. These 

measurements were taken at a top gate voltage of VTG = 3 V, corresponding to a carrier 

density of n ~ 1 ⨉ 1013 cm-2, as estimated from the threshold voltage and the gate 

capacitance. Rc is obtained by extrapolating the plot to zero channel length. The 

resulting values are similarly low for the 1DG contacts to both MoS2 and WS2, on the 
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order of 20 km. This suggests that our growth method is versatile toward use with 

different TMDs. 

The one-dimensional graphene edge contacts show consistently low contact 

resistances with good reproducibility. In Fig. 3.6c we plot our results for Rc obtained by 

TLM measurements for seven MoS2 (solid circles) and two WS2 based devices (solid 

squares) with 1DG contacts, obtained from five different growth runs with different 

patterned graphene substrates. The values for Rc, measured at a carrier density of n ~ 1 

⨉ 1013 cm-2, remain similar throughout different samples, with a median Rc of 30 

km. For a direct comparison, we fabricated three MoS2 based devices using Ti/Au 

metal electrodes, which are widely used to contact TMD materials, next to some of the 

devices with 1DG contacts. These devices with 2DM contacts show higher contact 

resistance values (Rc ~ 95 km; denoted by solid diamonds, Fig. 3.6c) at similar 

carrier densities that are consistent with previously reported results. These results 

confirm that our graphene electrodes provide low resistance edge contacts to TMDs, 

despite the minimal electrode volume. The Rc values are smaller than those of 

conventional Ti/Au 2DM contacts, but are larger than the smallest values reported from 

pure metal electrodes82. Here we restrict our comparison to contacts to monolayer 

TMDs only, since Rc is known to increase with the decrease in layer number.  

Fig. 3.6c presents an additional comparison with graphene top (2DG) contacts57, 

which have achieved similarly low contact resistances in the order of Rc ~ 20 km, 

while reducing the electrode volume significantly compared to 2DM contacts (open 

circle in Fig. 3.6c). However, when the overlap area between the graphene top contact 

and MoS2 is reduced, the devices show an increase in contact resistance 
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(Rc ~ 300 km; open triangle in Fig. 3.6c) and displays nonlinear IV characteristics 

at room temperature. This suggests that 2DG contacts may not be suitable for small 

devices. Likewise, Rc in devices with 2DM contacts is known to increase exponentially 

when the contact length is decreased below the transfer length (LT ~ 15 – 600 nm), 

which limits the minimum device footprint. On the other hand, our 1DG contacts should 

not be bound by such limitations, since they use the edge contact geometry. 

Furthermore, temperature-dependent electrical measurements confirm the ohmic nature 

of the graphene edge contacts to MoS2. Our MoS2 devices with 1DG contacts show 

linear IV characteristics, with little temperature dependence from room temperature 

down to liquid helium temperatures (Fig. 3.6d), and we observe no temperature 

dependence for Rc, extracted from TLM over the same temperature range (Fig. 3.6e). 

Altogether, these results suggest that 1DG contacts provide an excellent route for 

reducing the overall device size while maintaining low-resistance ohmic contacts. 

3.5 Doping Dependence of Contact Resistance 

For doping-dependent studies, we have performed direct measurements of Rc 

using a gated 4-probe geometry for junctions in devices with smaller dimensions (Fig. 

3.7, bottom inset). For the 4-probe measurements, we subtract the contributions of the 

sheet resistances of the MoS2 and graphene, which were measured independently. Fig. 

3.7 shows Rc measured as a function of VTG for the left (denoted 3-4) and right (5-6) 

1DG contacts to MoS2. The values are similar, illustrating the homogeneity of the 

junctions. The Rc values at high carrier density are consistent with the ones extracted 

using TLM measurements in larger devices, confirming that Rc is independent of contact 

width for at least over one order of magnitude scaling in the width. When the MoS2 
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carrier density decreases, the 4-probe measurements show an increase in Rc, as is usual 

for contacts to 2D semiconductors.  

Figure 3.7 Contact resistance at high doping level. 

Contact resistance Rc as a function of the top gate voltage (VTG) for two adjacent 

junctions at high carrier densities (n > 1 ⨉ 1013 cm-2). A false color optical micrograph 

indicating the electrode numbering is shown in the bottom inset. Current is applied 

between contacts 1 and 7, and the contact resistances of two different graphene/MoS2 

interfaces are measured by reading out the voltage between electrodes 3 and 4 (black 

points) and 5 and 6 (red points). The contributions from the resistances of the graphene 

(between electrodes 2 and 3) and MoS2 (between electrodes 4 and 5) have been 

subtracted as discussed in the text. Top inset: MoS2 sheet conductance measured 

between electrodes 4 and 5 as a function of VTG.  

 

We have explored the properties of the 1DG contacts at lower carrier densities 

using additional 4-probe MoS2-based devices controlled using the Si back gate (with no 

top gate electrode), with similar dimensions as the device shown in Fig. 3.7, bottom 

inset. At low carrier densities (n < 3 ⨉ 1012 cm-2), where the high resistance of the MoS2 

channel (above 1 M per square; Fig. 3.8a, upper inset) dominates the total resistance, 

the I-V characteristics show a linear behavior at room temperature. Only at lower 

temperatures below 150 K, is there any nonlinearity indicative of a barrier at the 

interface (Fig. 3.8a, lower inset).  
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Figure 3.8 Contact resistance at low doping level. 

(a) Barrier height (B) as a function of back gate voltage (VBG), extracted from the 

temperature dependence of the junction resistance for a device at low carrier densities 

(n < 3 ⨉1012 cm-2). Top inset: MoS2 sheet conductance as a function of VBG. Bottom 

inset: I-V characteristics measured at different temperatures for a single graphene/MoS2 

junction in 4-probe geometry for VBG = 60 V showing nonlinear characteristics due to 

tunneling below 150 K. (b) Arrhenius plot used to extract the barrier height in (a). 

 

To extract the barrier height, we performed temperature-dependent 

measurements of the junction resistance to determine an activation energy. Assuming a 

thermo-ionic emission model, the source-drain current across the device is given 

by:𝐼𝑆𝐷 = 𝐴𝑇3/2𝑒𝑥𝑝 (
−𝑞Φ𝐵

𝑘𝐵𝑇
) [1 − 𝑒𝑥𝑝 (

𝑞𝑉𝑆𝐷

𝜂𝑘𝐵𝑇
)], where ISD is the source-drain current, A 

is the effective Richardson constant, T is the temperature, q is the elementary charge, kB 

is the Boltzmann constant, VSD = 50 – 100 mV is the source-drain bias, and 𝜂 is the 

ideality factor. The ideality factor, which is related to tunneling at high carrier 

concentrations and low temperatures, was obtained from a plot of the logarithm of ISD 

as a function of VSD at 4.2 K. The barrier height was obtained from the slope of the plot 

of 𝑙𝑛 (
𝐼𝑆𝐷

𝑇3/2
)  versus 1/𝑘𝐵𝑇  (Arrhenius plot), where the slope is given by: −𝑞Φ𝐵 +
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𝑞𝑉𝑆𝐷/𝜂. From the Arrhenius plots83,84 (Fig. 3.8b), we extract the barrier height (B) as 

a function of the back gate voltage (VBG), as shown in Fig. 3.8a, main panel. We observe 

B ~ 4 meV at VBG = 60 V and B ~ 24 meV at VBG = 10 V.  

3.6 Verification of the Small Barrier Height 

The small value of B in our devices is further confirmed by the existence of 

linear IV characteristics at different values of VBG at room temperature. The IV 

characteristics of the 1DG contacts are linear at room temperature for a wide range of 

VBG values. Fig. 3.9 shows the source-drain current versus voltage characteristics at 300 

K, for a sample containing two junctions in series, for different values of VBG. 

Figure 3.9 I-V curves for low carrier density at room temperature. 

Source-drain current (ISD) versus voltage (VSD) for different values of back gate voltage 

(VBG) at 300 K for low doping (n < 3 ⨉ 1012 cm-2). 

Additional measurements of the differential conductance at liquid helium 

temperatures also verified the low barrier height. In Fig. 3.10a we plot the differential 

conductance for the same device in Fig. 3.8a as a function of both VBG and the source-

drain voltage across the junction measured in a 4-probe geometry (Vj). These 
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measurements were performed at a temperature of T = 4.2 K, equivalent to a thermal 

energy of 3kBT ~ 1 meV, where kB is the Boltzmann constant. The fast decrease in the 

barrier height with increasing VBG is shown by the rapid shrinking of the low differential 

conductance region, as represented by the white region (dI/dV = 10-8 S) in Fig. 3.10a. 

The sizeable zero-bias differential conductance for VBG > 40 V (Fig. 3.10b) is consistent 

with a barrier height of the same order as the thermal energy (approximately 1 meV). 

Both the decrease of B with VBG and its value of around 1 meV at high VBG obtained 

by our differential conductance measurements are consistent with the thermal-activation 

measurements shown in Fig. 3.8a. 

Figure 3.10 Differential conductance at liquid helium temperature. 

(a) Differential conductance (dI/dV; log scale) as a function of the back gate voltage 

(VBG) and the source-drain voltage measured across the junction in a 4-probe geometry 

at low temperature (4.2 K) for the same device as in Fig. 3.8a. (b) dI/dV as a function of 

the junction voltage for different values of VBG = 20, 30, 40, 50, and 60 V (from bottom 

to top). 

 

Our B values are smaller than those obtained for overlapping graphene 

junctions at similar carrier densities (B ~ 20 – 100 meV in Refs. 55 and 54). The small 

B values for our 1DG contacts are consistent with the low-resistance, ohmic behavior 



 

50 

 

discussed in Fig. 3.6 and can be explained by the lack of a van der Waals gap in our 

edge contact geometry. 

3.7 Summary 

In this chapter, we discussed the fabrication of one-dimensional, ohmic edge 

contacts between monolayer graphene and monolayer semiconducting TMDs 

(specifically MoS2 and WS2) using a scalable growth method. The graphene and TMD 

films are laterally connected with wafer-scale homogeneity, no observable overlaps or 

gaps, and a low average contact resistance of 30 km. The resulting graphene edge  

contacts, which maintain minimal electrode volume and contact area, show linear 

current-voltage (IV) characteristics at room temperature, with ohmic behavior 

maintained down to liquid helium temperatures. Our technique for making edge 

contacts to semiconducting TMDs provides a versatile, stable, and scalable method for 

forming low-volume, low-resistance contacts for atomically-thin circuitry, which can 

be attractive for flexible and optically transparent electronics. 
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CHAPTER 4 

TUNING THE ELECTRICAL CONDUCTANCE OF MOS2 

MONOLAYERS VIA DOPING 

 
4.1 Introduction  

Realizing tunable electrical conductivity and charge carrier polarity is 

fundamental for realizing the vast functionalities of semiconductors, enabling key 

discrete components, such as p-n junctions and transistors, and their wafer-scale 

integration30,31,85. Therefore, achieving the direct and predictable tuning of the electrical 

conductivities of 2D semiconductors, such as monolayer TMDs, is necessary for the 

production and integration of atomically thin devices and circuitry86–88. While doping 

techniques, such as ion implantation, are well established for conventional 3D 

semiconductors55, they cannot be translated directly to 2D material systems as discussed 

in Chapter 2. Much effort has been spent on creating novel doping methods that are non-

destructive to 2D materials, including surface functionalization89,90, charge transfer 

from external molecules91,92 and metal contact work function engineering53. However, 

they are not practical, since the films cannot be further processed without losing the 

doping effects, which are externally-induced in these cases. 

For this reason, substitutional doping during the material synthesis is an 

effective way to generate doped 2D materials. Monolayer MoS2, a representative 

semiconducting TMD with a direct bandgap, provides an ideal platform for developing 

and understanding substitutional doping in 2D semiconductors. As mentioned in 

Chapter 2 and 3, monolayer MoS2 can be chemically synthesized with wafer-scale 
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uniformity25 and exhibits high mobility for carriers introduced by electrostatic gating. 

A well-known strategy for introducing substitutional dopants into MoS2 is to 

incorporate Nb (Re), which has one fewer (more) electron than Mo, during the synthesis 

(see schematic in Fig. 4.1)64,93–96. Assuming complete ionization, each Nb (Re) is 

expected to release one additional hole (electron) into the material, increasing the 

electrical conductivity. This behavior has been observed previously from 3D MoS2 

crystals doped with Nb. Existing efforts67 based on chemical vapor deposition have also 

demonstrated the feasibility of direct substitution of Mo with Nb or Re in 2D monolayer 

MoS2. However, variable control of dopant concentration over a large scale is currently 

lacking, and the impact of the substitutional dopants on the electrical conductivity is 

often complicated by unintentional doping effects from the conventional lithography 

process. Thus, a direct tuning of the electrical conductivity through substitutional 

doping has not yet been demonstrated, nor understood in the 2D limit. 

Figure 4.1 Schematic of Nb and Re substitutional doping of MoS2. 

Nb and Re are both expected to replace Mo atoms in the MoS2 lattice. Nb, which is on 

the left of Mo on the periodic table, is expected to be an electron acceptor, and Re, which 

is to the right of Mo, is expected to be an electron donor. 

 

In this chapter, which is mainly adapted from Ref. 97 that I published in 2020, 

we address this challenge. For this, we grow wafer-scale, continuous MoS2 monolayers 

with tunable concentrations of Nb and Re, and fabricate devices using a polymer-free 

approach to study the direct electrical impact of substitutional dopants in MoS2 

monolayers97. In particular, the electrical conductivity of Nb-doped MoS2 in the absence 
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of electrostatic gating is reproducibly tuned over seven orders of magnitude by 

controlling the Nb concentration. Our study further indicates that the dopant carriers do 

not fully ionize in the 2D limit, unlike in their 3D analogues, which is explained by 

weaker charge screening and impurity band conduction. More on this in Chapter 5. 

Moreover, we show that the dopants in the films are stable, which enables the doped 

films to be processed as independent building blocks that can be used as electrodes for 

functional circuitry. 

4.2 Precise Control of Dopant Concentration 

The MOCVD reactor used in our experiment is based on the one developed 

previously for the wafer-scale synthesis of undoped monolayer TMDs (e.g. MoS2, WS2, 

WSe2)
25. The doping was carried out in situ, by introducing the dopants in small 

quantities throughout the growth of the MoS2 (see Fig. 4.3a for a schematic of the 

growth system). To achieve controllable doping, it is crucial to deliver precise amounts 

of dopants during the growth. For that, it is important to have (1) appropriate precursors 

and (2) a corresponding precursor delivery system design. 

 When choosing the dopant precursors, there are several considerations to keep 

in mind. First, the precursor should generate sufficient vapor pressure, such that the flow 

can then be regulated by a mass flow controller. Second, the decomposition temperature 

of the precursor should be within the growth window of the host material. Most of this 

information can be found in literature. Note that while commercial vendors are the most 

convenient places for purchasing chemical precursors, their product choices are often 

limited, and in this case, synthesizing the desired precursors on one’s own or working 

with a collaborator should be considered. 
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Once the precursors are chosen, the precursor delivery system should be 

designed, based on the vapor pressure of the precursor. Volatile precursors (Fig. 4.2a) 

that are in liquid form can typically generate sizable vapor, even at room temperature. 

Therefore, simply connecting the precursor canister to a MFC will do the job. For solid 

precursors that have relatively low vapor pressures (Fig. 4.2b), flowing carrier gas 

through the precursor-containing canister using a pressure controller (P), which is 

located before the canister to regulate the carrier gas pressure, can help to carry the 

precursor vapor out effectively. In this case, the gaseous mixture is further regulated by 

a MFC located after the canister containing the precursor-carrier gas mixture. For solid 

precursors with really low vapor pressure (Fig. 4.2c), in addition to flowing carrier gas 

through the precursor canister, extra heating of the canister and precursor lines by a 

temperature controller should be implemented. However, most commercial MFCs are 

damaged by applied heat. To circumvent this issue, mechanical valves, such as a needle 

valve (N), can be used in place of the MFC up to 200° C. 

Figure 4.2 Precursor delivery system designs. 

Precursor delivery systems for (a) volatile liquid precursors, (b) solid precursors with 

notable vapor generation and (c) solid precursors with minimum vapor pressure. Glow 

around the blue shapes indicate relative vapor pressure. Red line indicates heating. 
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In this work, NbCl5 and Re2(CO)10 were used as precursors for the Nb and Re 

dopants (see schematic in Fig. 4.3a), respectively.  Even though these compounds are 

two of the most volatile Nb and Re precursors that can be found commercially, the vapor 

pressures are still quite low, and therefore the design shown in Fig. 4.2c is used for their 

delivery. The photograph in Fig. 4.3b shows this system. Specifically, a double-ended 

precursor cannister is heated using a commercial temperature controller, and the 

resulting vapors from the Nb or Re precursors are carried out of the canister by the flow 

of Ar, which is regulated using a pressure controller located upstream (setpoint pressure 

at 800 Torr). The flow of the Ar/dopant precursor mixture into the chamber is then 

regulated by a needle valve. A needle valve is chosen over a MFC here due to its 

compatibility with elevated temperatures. In this manner, we can successfully grow 

doped MoS2 monolayers with reproducible concentrations of Nb and Re. 

Figure 4.3 Modified growth reactor for substitutional doping of MoS2. 

(a) Schematic of the MOCVD system for the growth of doped MoS2 using all gas-phase 

precursors. Metering valves are used as the flow controllers (FC) for the Nb and Re 

precursors, while MFCs are used for the other precursors and carrier gases. (b) 

Photograph showing the hardware used to generate stable vapor pressure from non-

volatile chemical precursors. 
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The direct tuning of dopant concentrations in MoS2 monolayers was confirmed 

by XPS, which was used to quantitatively measure the concentrations of Nb dopants or 

Re dopants (CNb or CRe respectively). For example, the XPS data measured from four 

Nb-MoS2 monolayers with different CNb are shown in Fig. 4.4a. All four spectra clearly 

show peaks in the Nb 3d region (204 eV and 207 eV) corresponding to the Nb-S bonds 

that are absent in the intrinsic MoS2 (i-MoS2). The integrated area of the Nb peaks, 

normalized to the  area of the Mo 3d peaks, provides a direct measure of CNb, as shown 

in Fig. 4.4a. The measured CNb monotonically increases with the flow rate of NbCl5, 

with a direct and reproducible correlation between the two.  Similar observations are 

made for Re-MoS2, as shown in Fig. 4.4b.  

To probe the location and the distribution of the dopants in the material, we used 

atomic-resolution STEM to examine our doped material. Fig. 4.4c presents a STEM 

image taken from a Re-MoS2 sample grown with CRe = 10%. It shows the hexagonal 

crystalline lattice of MoS2, where some Mo sites are brighter than the rest of the atoms 

in the lattice. These brighter spots correspond to Re atoms, which have a higher atomic 

number than Mo. Notably, the Re atoms are distributed randomly through the lattice of 

MoS2, without aggregation. This confirms the presence and substitutional incorporation 

of Re in the MoS2 lattice. For the Re-MoS2 sample shown in Fig. 4.4c, we find that the 

value of CRe measured using XPS (10%) is similar to the concentration of Re spots 

estimated from the STEM data (9%).  
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Figure 4.4 XPS and STEM data for doped MoS2. 

(a) XPS spectra showing doping concentrations for different Nb-MoS2 films. From 

bottom to top: CNb = 4%, 8%, 11% and 19%. (b) XPS spectra showing doping 

concentrations for different Re-MoS2 films. From bottom to top: CRe = 1%, 5% and 10%. 

(c) STEM image of Re-MoS2. Brighter atoms are Re and darker atoms are Mo. Scale 

bar: 2 nm. 

 

4.3 Polycrystalline Doped MoS2 Films over the Wafer-scale 

 The growth mechanism of our films remains the same as the i-MoS2, even with 

the addition of the dopant precursors. Figures 4.5a and 4.5b present SEM images of two 

MoS2 samples (i-MoS2 and Nb-MoS2 with CNb = 10%), each grown under the same 

conditions (temperature, time, etc.), except for the introduction of Nb during the growth 

of the sample in Fig. 4.5b. Both samples show triangular crystallites with similar growth 

rates, grain sizes, and nucleation densities.  
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Figure 4.5 SEM and DF-TEM data for doped MoS2. 

(a) and (b) are representative SEM images of i-MoS2 and Nb-MoS2 (CNb = 10%) grown 

for partial coverage, respectively. The scale bars are 200 nm. (c) False-color DF-TEM 

image of Nb-MoS2 (CNb = 10%) with the corresponding diffraction pattern shown in the 

inset. Scale bar: 200 nm. 

 

Increasing the growth time produces a polycrystalline monolayer of doped 

MoS2, with full coverage over the entire substrate. A false-color DF-TEM image of such 

a continuous Nb-MoS2 sample is shown in Fig. 4.5c. In addition, the dopant 

concentrations (based on XPS data), measured after stopping the growth at different 

times, remains constant (i.e. the concentrations are the same whether the film is partial 

or continuous). This implies that the incorporation of the dopants takes place uniformly 

throughout the growth.  

This doping technique is scalable. As a representative example, Fig. 4.6a shows 

optical images of MoS2 films substitutionally doped with Nb (left; Nb-MoS2) and Re 

(right; Re-MoS2), both grown on 1-inch fused silica substrates. An intrinsic MoS2 

monolayer with no dopants (middle; i-MoS2) is included for comparison. Both Nb-

MoS2 and Re-MoS2 appear uniform over the entire area of the wafer, similar to the i-

MoS2. The color of the doped materials can be seen to vary slightly from the i-MoS2 

with the introduction of Nb or Re. The absorption spectra of Nb-MoS2 and Re-MoS2 

(see Fig. 4.6b and 4.6c respectively) further show a direct correlation between the 
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broadening of the MoS2 exciton absorption peaks and the dopant concentrations, which 

is consistent with a previous report64. 

Figure 4.6 Wafer-scale doped MoS2 and absorption spectra. 

(a) Optical micrograph of intrinsic and doped MoS2 monolayers grown on 1-inch fused 

silica. (b) and (c) are absorption spectra of Nb-MoS2 at different CNb (from bottom to 

top: 4%, 8%, 11% and 19%) and Re-MoS2 at different CRe (from bottom to top: 1%, 5% 

and 10%), respectively. 

 

4.4 Polymer-free Device Fabrication 

We now move to study the electrical conductance (σS, sheet conductance) of 

these doped films as a function of the dopant concentration, focusing on Nb. To 

minimize effects from unintentional doping during the lithography process98, we 

fabricate devices without any exposure of the MoS2 to chemicals. Instead, we utilize a 

shadow mask to deposit metal electrodes (50 nm thickness of Au film) and scanning 

laser ablation to define the MoS2 channels (200 × 200 m; the fabrication process is 

shown in Fig. 4.7).  
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Figure 4.7 Schematic of polymer-free device fabrication. 

Schematic of the polymer-free device fabrication method, with metal electrode 

deposition using e-beam evaporation through a shadow mask, and channel definition 

using laser ablation. 

 

Our polymer-free fabrication method minimizes external doping effects. i-MoS2 

devices fabricated using this method exhibit the properties of an intrinsic 

semiconductor, with the fermi level deep inside the bandgap (Fig. 4.8), as indicated by 

the high resistance (>1011 Ω) in the gate bias range (up to ± 90 V). This is different from 

the n-type conduction and gate dependence often observed from MoS2 devices after they 

are exposed to a conventional lithography processes or oxide deposition99.  

Indeed, our i-MoS2 monolayer is no longer intrinsic after HfO2 deposition; it 

becomes highly conductive within the same gate bias window, with n-type gate 

dependence, suggesting that the oxide deposition directly impacts the carrier 

concentration. This confirms that our approach offers an ideal platform to study the 

electrical impact solely originating from the substitutional dopants. All the devices 

shown in the remainder of the chapter were fabricated using this approach, unless 

otherwise specified. 
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Figure 4.8 Transfer curves of intrinsic MoS2 before and after oxide deposition. 

Transfer curves of a representative i-MoS2 device before and after HfO2 (30nm) 

deposition. 

 

4.5 Tunable Conductivity Upon Nb Doping 

Figure 4.9 presents the electrical properties of Nb-MoS2 with different CNb. The 

data were taken under ambient conditions. First, as discussed above, the as-fabricated i-

MoS2 monolayer devices (CNb = 0%) do not show notable electrical conduction (see I-

V curve in Fig. 4.9a, back gate bias VBG = 0 V), with a measured sheet conductance, σS, 

below 10-5S/□. With Nb doping, the devices exhibit much higher conductance (σS > 

10-2 S/□ for CNb = 4%; Fig. 4.9a), with p-type VBG dependence (Fig. 4.9b). Another 

observation is that the σS of Nb-MoS2 increases significantly at higher Nb 

concentrations. Figure 4.9b plots the gate transfer curves of four representative Nb-

MoS2 devices with CNb ranging from 4% to 19%. The highest σS at VBG = 0 V is close 

to 102 S/□ for CNb = 19%, more than 7 orders of magnitude higher than that of i-MoS2. 

The devices all show a p-type VBG dependence.  
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Figure 4.9 I-V and transfer curves of Nb-doped MoS2 with various of CNb. 

(a) I-V curves of representative i-MoS2 and Nb-MoS2 (CNb = 4%) devices measured at 

VBG = 0 V. Inset: optical micrograph of a representative FET device. Scale bar: 200 m. 

(b) Transfer curves of Nb-MoS2 devices at different CNb. 

 

We note that the choice of the metal electrodes (Au vs. Pd; see Fig. 4.10) or the 

exclusion of contact resistance (2-probe vs. 4-probe measurements; see Fig. 4.11) have 

negligible effects on the measured σS of the Nb-MoS2 devices in this doping 

concentration range.  

Figure 4.10 Transfer curves of Nb-MoS2 with Au or Pd contacts.  

Transfer curves of the representative Nb-MoS2 FET devices, made from the same Nb-

MoS2 sample, with (a) Au and (b) Pd contacts. 
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Figure 4.11 2-probe vs. 4-probe measurements of Nb-MoS2 with Au contacts. 

(a) Schematic of the measurement setup for 4-probe and 2-probe measurements. (b) 

Representative transfer curves for the 2-probe and 4-probe measurements of Nb-MoS2 

with CNb = 8%. The ratio between the 2-probe and 4-probe resistance is shown in (c). 

 

Finally, the electrical properties of the doped films appear uniform over a large 

area. For example, the Nb-MoS2 device array (CNb = 19%) in Fig. 4.12a exhibits a 100% 

device yield, with a narrow distribution of σS, as supported by the spatial map of σS (Fig. 

4.12a, right). Similar uniformity in σS is seen from device arrays fabricated for all values 

of CNb, four of which are plotted as histograms in Fig. 4.12b. Each histogram, measured 

from 100 Nb-MoS2 devices, shows a typical variation in σS of 30% relative to the mean.  

Figure 4.12 Device arrays over wafer-scale with uniform conductivity. 

(a) Optical micrograph of a representative large-scale device array and the 

corresponding sheet conductance map for 25 devices. (b) Histograms of sheet 

conductance from four sets of 100 Nb-MoS2 devices, each at different CNb. 
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The doped material has numerous potential applications, for example, as a 2D 

conductor with tunable conductivity. In particular, Nb-MoS2 with large CNb (e.g. 19%) 

shows a weak p-type gate dependence (Fig. 4.9b; confirmed by Hall measurement, Fig. 

4.13b), a high σS (as large as 0.1 mS/□) and a measured Hall mobility close to 1.5 

cm2/Vs (Fig. 4.13c). The Hall mobility changes only slightly at low temperatures, 

indicating metallic behavior for the highly-doped Nb-MoS2. The carrier density 

extracted from our Hall measurements (~4×1014 cm-2) is within a factor of two of the 

value estimated for CNb ~ 19%. Together, we have demonstrated the controlled tuning 

of the electrical properties of substitutionally-doped MoS2 on the wafer scale. These 2D 

films with tunable, metal-like conduction can be used as atomically-thin electrodes100, 

which we demonstrate in next section. 

Figure 4.13 Hall measurement of Nb-doped MoS2. 

(a) Schematic of the Hall-bar device made from Nb-MoS2 with CNb = 20%. The positive 

magnetic field points in the out-of-plane direction in this measurement. (b) A 

representative Hall resistance versus magnetic field plot. (c) Measured Hall mobility 

and extracted carrier density at different temperatures. 

 

4.6 Using Doped MoS2 as a Stable Metallic Contact  

Figure 4.14 shows the formation of a lateral edge contact between Nb-MoS2 and 

i-MoS2, confirming the stability of the Nb-MoS2 during the integration processes. For 



 

65 

 

this, lateral junctions consisting of Nb-MoS2 and i-MoS2 are generated using a 

patterned-regrowth method80 (schematic shown in Fig. 4.14a). A Nb-MoS2 monolayer 

is first grown on a SiO2 substrate, then the film is patterned by conventional 

photolithography and reactive ion etching, after which i-MoS2 is grown in the etched 

areas. Figure 4.14b shows an image of a representative Nb-MoS2/i-MoS2 heterostructure 

generated based on XPS mapping of the Nb 3d region. The brighter areas, corresponding 

to Nb-MoS2 (CNb = 11%), confirm the stability of the dopants throughout the 

lithography process and the subsequent i-MoS2 growth step that occurs at elevated 

temperatures (750°C).  

Figure 4.14 Doped MoS2 as metallic contact. 

(a) Schematic of the patterned regrowth process using photolithography and RIE. Gray 

stripes indicate the exposed SiO2/Si areas and green stripes indicate the regrown i-MoS2. 

(b) XPS map of the Nb 3d region for a representative Nb-MoS2/i-MoS2 lateral 

heterostructure, CNb = 11%. Scale bar: 200 m. (c) Corresponding transfer curves of the 

pre-patterned Nb-MoS2 (1-2) and regrown i-MoS2 (3-4). The inset shows the optical 

image of the device. Scale bar: 20 m. (d) I-V curves for the electrical conduction across 

the heterojunction (2-3) at different VBG. 
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 Figures 4.14c and 4.14d further present the electrical properties of a 

representative heterojunction device coated with 30 nm HfO2 (see Fig. 4.14c, inset). The 

Nb-MoS2 channel (1-2, Fig. 4.14c) exhibits a high σS > 5 S/□ with weak gate 

dependence, while the regrown i-MoS2 channel (3-4, Fig. 4.14c), after HfO2 deposition, 

shows a characteristic n-type conduction, with its conductance able to be switched 

on/off with gate bias. The electrical behavior confirms that the Nb dopants are stable 

during the post-synthetic processing. Figure 4.14d shows the I-V curves measured from 

the region including the heterojunction (2-3) at different VBG, suggesting a successful 

electrical connection across the junction with the overall properties largely determined 

by the properties of the individual parts. For example, when VBG = 0 or -90 V, the current 

is limited by the VBG-dependent conductance of the i-MoS2, whereas at VBG = 90 V, the 

current is limited by the Nb-MoS2, since i-MoS2 is more conductive at that bias.  

Figure 4.15 Air stability of Nb-MoS2. 

Transfer curves of a 10% Nb-doped MoS2 device before and after exposure to air in 

ambient conditions for one week. 

 

Characterization of the contact resistance at this 1D heterojunction and the 

detailed structure at the interface will be interesting future research topics. These 

studies, combined with the stability of the dopants (thermal stability, as discussed above, 
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and see Fig. 4.15 for stability under exposure to ambient conditions), will enable Nb-

MoS2 to be a potential candidate for atomically-thin electrodes for other 2D materials. 

4.7 Summary 

 In this chapter, we showed that the electrical conductivity of MoS2 monolayers 

can be tuned directly through substitutional doping. For this, we have grown wafer-

scale, continuous MoS2 monolayers with tunable concentrations of Nb and Re. The 

electrical conductance of a Nb-doped MoS2 monolayer is tuned over 7 orders of 

magnitude by controlling the dopant concentration. Furthermore, we have verified the 

stability of the Nb dopants through the fabrication of lateral junctions with excellent and 

predictable electrical properties. The scalability, controllability and versatility of our 

approach, combined with the stability of the resulting films, provides a powerful method 

for spatially patterning the electrical conductivity in atomically thin films, an essential 

capability for the generation of atomically thin integrated circuits.  
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CHAPTER 5 

LOCALIZED DOPANT CHARGE CARRIERS AT 2D LIMIT 

 
5.1 Introduction  

In Chapter 4, we showed that our doping method can incorporate controllable 

amounts of dopants into the lattice of monolayer MoS2, and we observed conductivity 

change in response to the varying doping concentration. In this chapter, we will take a 

closer look at the conductivity versus doping concentration relationship.  

Upon careful analysis, we found that the relationship between σS and CNb in 

monolayer MoS2 is different from what we would have expected from a conventional 

semiconductor, such as silicon85,101, and even doped bulk MoS2
64. For example, the on-

off ratio of our monolayer MoS2 is small (<100) across the doping range, and the σS 

increases by an order of magnitude for about every 4% increment of CNb, instead of a 

linear dependence. All these suggest that the dopant carriers behave differently in 2D 

compare to their 3D counterparts.  

Theoretical reports102,103 have predicted such deviations in dopant charge carrier 

behavior when going from 3D to 2D. These unconventional behaviors are attributed to 

the different physical properties of 2D materials compared to their 3D counterparts, 

reduced dielectric constant in particular, which has a dramatic impact on the properties 

of dopant charge carriers. This effect, however, has not been carefully investigated until 

now. Our results offer a confirmation of the theoretical predictions and calls for a re-

consideration of the doping strategies for 2D materials.  
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5.2 Non-linear σS Dependence on CNb in Monolayer MoS2 

 For conventional semiconductors, upon doping, the conductivity generally 

follows the following formula: σ = en where e is the electrical charge, n is the charge 

carrier density and  is the charge carrier mobility. As an example, the resistivity (1/ σ) 

versus  n plot101 for silicon is shown in Fig. 5.1. It shows an almost linear relationship 

between the two quantities over several orders of magnitude as expected from the 

formula. 

Figure 5.1 Resistivity versus doping density for silicon. 

The plot shows the resistivity of silicon upon n-type or p-type doping in concentration 

ranges over 5 orders of magnitude. Reproduced from Ref. 101. 

 

Our electrical data in Chapter 4 for doped monolayer MoS2 illustrate a different 

picture. Figure 5.2 plots the average σS as a function of CNb (solid circles, based on the 

data in Fig. 4.12b), alongside the 2D conductance (σ = en, dashed lines) calculated for 

modest carrier mobilities under full ionization ( = 1 and 10 cm2/Vs; n = CNb/A/100, 

where A = MoS2 unit cell area), as well as previously reported data from 
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electrostatically-gated MoS2 (open circles, maximum carrier density corresponding to 

0.5%82 and 1.0% doping25). Two observations can be made from this plot. First, σS of 

Nb-MoS2 is significantly smaller than the calculated values and previous results, 

particularly at lower CNb. For example, our data at CNb = 4% (σS < 10-2 S/□) is at least 

two to three orders of magnitude lower than the calculated 2D conductance (> 1 S/□) 

and at least 1000 times smaller than the results from the electrostatically gated devices 

(> 10 S/□). Second, σS rapidly increases with CNb, nonlinearly. In fact, σS changes 

exponentially with CNb, increasing in value by roughly an order of magnitude for every 

4% increase in CNb. These observations indicate that the electrical conduction and 

tuning in substitutionally doped Nb-MoS2 monolayers do not follow the conventional 

model based on fully ionized dopant carriers. 

Figure 5.2 Exponential conductivity increase upon doping. 

Semi-log plot of average σS (solid circles) versus CNb of monolayer MoS2. The dashed 

lines represent the expected σS assuming full ionization, with mobilities taken to be 10 

and 1 cm2/Vs for upper and lower dash lines, respectively. σS of electrostatically gated 

devices from Refs. 25 (open circle, right) and 104 (open circle, left) are also included.  

 

5.3 Higher Ionization Energy for Dopants in Monolayer MoS2 

Recent theoretical reports103,104 have shown that substitutional dopants in 

monolayer MoS2 have higher ionization energies (EI) than those in 3D MoS2. The 
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reduced dimensionality from 3D to 2D can have great effect on the properties of 

semiconductors. For example, this can lead to enhanced electron-electron interactions. 

Similarly, EI of defects in 2D semiconductors can also be strongly affected by the 

quantum confinement effect (QCE) and the reduced screening effect (SE) resulting from 

the reduced dimensionality.  

Figure 5.3 Diagram showing higher EI in the 2D limit. 

A conceptual diagram illustrating how band edges and defect transition energy levels 

with different localization characters change with the dimensionality of semiconductor 

systems. Reproduced from Ref. 103. 

 

Fig. 5.3 illustrates this. When the dimensionality is reduced from 3D to 2D, the 

delocalized valence band maximum (VBM) and conduction band minimum (CBM) tend 

to shift downward and upward, respectively, due to the increased QCE. In the meantime, 

the defect states are less affected by the QCE. As a result, the energy difference between 

the defect state and the band edges, that contributes significantly to the EI of defect, will  

always get larger. In addition, the reduced dimensionality can cause a decrease in the 
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dielectric constant and reduce the screening interaction between the ionized defect and 

other charges. According to the hydrogen model, the EI of shallow defects can be 

approximately written as (m*q4)/(8εs
2εo

2h2), where m∗ is electron effective mass, q is 

defect charge, εs is the dielectric constant, εo is the vacuum permittivity, and h is the 

Planck’s constant. With a decrease in dimensionality, and therefore the decrease in the 

dielectric constant, the defect EI is expected to become larger even without the QCE 

consideration 

Figure 5.4 Calculated formation energy of Nb and Re substitutional dopants in 

MoS2. 

Calculated formation energies of ReMo and NbMo in the neutral and singly-charged states 

of the supercells in free-standing ML MoS2 (thick solid lines) and bulk 2H-MoS2 (thin 

solid lines) as a function of the Fermi level (EF). The ReMo
(0/+) donor and NbMo

(−/0) 

acceptor transition levels are indicated by the filled and open symbols, respectively. The 

squares indicate the dopants in free-standing ML-MoS2, and the triangles indicate 

dopants in bulk 2H-MoS2. Reproduced from Ref. 104. 

 

The large EI in 2D has been predicted theoretically. For example, Fig. 5.4 shows 

Noh, et al’s DFT calculations on the formation energies of the Re (ReMo) and Nb (NbMo) 

substitutional defects in bulk 2H-MoS2 and free-standing ML MoS2, as a function of the 

Fermi level (EF). Here, the zero of EF is set to the VBM of the pristine free-standing ML 
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MoS2 (EV
ML), and the upper bound is set to its CBM (EC

ML), both of which are located 

at the K valley in the Brillouin zone. The band-edge levels of the bulk MoS2 are 

indicated by the vertical dashed lines in Fig. 5.4. 

The defects, ReMo and NbMo, are calculated to have negative formation energies. 

In n-type MoS2, the formation energy of ReMo is −1.2 eV for bulk MoS2 and −0.8 eV 

for free-standing ML MoS2. In p-type MoS2, the formation energy of NbMo is −3.6 eV 

for bulk MoS2 and −2.8 eV for free-standing ML MoS2. This indicates that it is 

energetically favorable to incorporate either Re and Nb impurities to both bulk and 

suspended monolayer MoS2. The ReMo is an electron donor, and the NbMo is an electron 

acceptor. The calculated ionization energy for Re and Nb defects are 0.53 eV and 0.52 

eV, respectively, much larger than the thermal energy at room temperature (kT ~ 26 

meV).  

Additional calculations show that the dielectric environment has a great impact 

on the EI. Figure 5.5 shows the calculated DFT formation energies of neutral and ionized 

ReMo and NbMo in the ML MoS2 with different dielectric environments, as a function of 

EF. The systems that have been studied are: vacuum/MoS2/vacuum (VMV), 

vacuum/MoS2/SiO2 (VMS), SiO2/MoS2/SiO2 (SMS), vacuum/MoS2/HfO2 (VMH), 

HfO2/MoS2/SiO2 (HMS) and HfO2/MoS2/HfO2 (HMH). The ionization energies of the 

ReMo
(0/+) and NbMo

(−/0) are found to be lower for the ML MoS2 in dielectric environments 

with a higher εE (see Fig. 5.5a). The ionization energies of the ReMo
(0/+) and NbMo

(−/0) are 

plotted as a function of the dielectric environment in Fig. 5.5b, showing that the ReMo 

donor and NbMo acceptor transition levels nearly monotonically decrease with εE. 
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Figure 5.5 Calculated energy levels of Re and Nb defects under various dielectric 

environments. 

(a) Calculated formation energies of ReMo and NbMo defects in the neutral and singly 

charged states in VMV (black), VMS (purple), SMS (blue), VMH (green), HMS 

(orange) and HMH (red) as a function of the Fermi level (EF) with respect to EV
ML. The 

same dielectric environments are plotted as a function of EF with respect to EV
XMX in 

the inset of (a). The ReMo
(0/+) and NbMo

(−/0) transition levels are indicated by the filled 

and open symbols, respectively. (b) The donor and acceptor transition levels as a 

function of the environmental dielectric constant εE. Reproduced from Ref. 104. 

 

5.4 Impurity Conduction Band 

Monolayer MoS2 has a dielectric constant around  3105, which is much smaller 

than the bulk value (~ 11)106. This leads to an order of magnitude higher EI for a dopant 

carrier (which increases as 1/εs 
2) in the monolayer limit. Such a large EI suggests an 

inefficient thermal ionization of dopant carriers in our Nb-MoS2, similar to doped Si at 

low temperatures (or with deep dopant levels)107. The electrical transport in this EI >> 

kT regime has been successfully described using the impurity conduction model107,108, 

where the electrical conduction occurs through thermally activated hopping between 

localized dopant sites. The conductivity in this model is given by σ = σ0exp(-2R/a0 – 
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E0/kT), where σ0 is a prefactor that is independent of temperature and impurity density, 

a0 is the Bohr radius of the dopant state, R is the average distance between dopants (i.e.  

on dopant concentration), and E0 is the hopping energy between the doping sites 

(typically an order-of-magnitude smaller than EI). This model explains the main 

observations in Fig. 5.2. First, a larger CNb corresponds to smaller R, which should lead 

to an exponential increase in σ and a significantly suppressed σ at a smaller CNb, as 

observed. Second, the electrical transport is thermally activated, as our data in Fig. 5.6 

shows. The estimated activation energy (E0) ranges between 3 to 16 meV, much smaller 

than the predicted EI.  

Figure 5.6 Extraction of hopping energy. 

Arrhenius plot of devices with CNb = 8%, 11% and 19% (from bottom to top, 

respectively). The best fit line for each data set, shown in the plot, is used to extract E0. 

The electrical conductance at various temperature is normalized to the room temperature 

conductance (σR). 

 

 Finally, by fitting the experimental data in Fig. 5.2 using the impurity band 

model, we can extract the Bohr radius of the localized impurity state. The slope from 

the plot of Ln(σ) versus 2R can be used to calculate a0 where a0 = -1/slope, as shown in 

Fig. 5.7. We estimate a0 = 0.2 nm, which is close to the value calculated based on a 
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hydrogen model109 for εs = 3 and hole effective mass of 0.4 me for monolayer MoS2, 

where me is the electron mass.  

Figure 5.7 Extraction of the Bohr radius of the localized impurity state. 

Plot of Ln(σ) versus 2R for the extraction of a0. 

5.5 Summary 

 Our systematic study of the relationship between σS and CNb shows an 

exponential dependence between the two quantities, which is different from what is 

expected based on knowledge of bulk semiconductors. This behavior can be explained 

by the smaller dielectric constant in 2D relative to bulk, resulting in a larger ionization 

energy that is consistent with previous theories. Our study, which is focused on MoS2 

here, also demonstrates a general method for studying the effect of substitutional doping 

with different combinations of TMD materials (such as WS2 and MoSe2) and dopant 

atoms, where all the relevant energy levels and the reduced screening need to be 

considered.   



 

77 

 

CHAPTER 6 

USING ATOMICALLY-THIN MATERIAL FOR ATOMICALLY-

SMALL DEVICE FABRICATION 

 

6.1 Introduction 

 So far, we have demonstrated the lateral graphene to monolayer MoS2 junctions 

and MoS2 monolayers with tunable dopant concentrations enabled by our controllable 

MOCVD synthesis technique. The structures and the devices that we discussed have all 

been planar. Here, we are going to introduce another capability of the MOCVD 

synthesis technique, namely its ability to grow monolayer TMDs conformally over 

arbitrary 3D shapes110. 

Figure 6.1 Schematic of the conformally grown ML MoS2 over 3D substrates. 

The initial nucleation upon precursors landing is shown on the left of the schematic and 

the final merging of the grains forming a continuous film over the 3D substrate is shown 

on the right. Reproduced from Ref. 110. 

  

Figure 6.1 schematically displays the nucleation and growth behavior of 

monolayer MoS2 over a 3D substrate. Briefly, during the initial growth, the nucleation 

happens homogeneously over the substrate, then the grains extend over the substrate 

until they merge with other grains and cover all the exposed substrate, including the 

areas over the sharp edges, to form a continuous film. The layer-by-layer growth 
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mechanism that we discussed in Chapter 2 ensures that the large portion of the 

conformally coated film remains monolayer.  

As the transistor size is scaling down, the combination of the conformal 

deposition of ultra-thin film and plasma etching plays more significant roles for device 

miniaturization where the limitation by the resolution of the photolithography light 

source can be overcome111,112. In this Chapter, we will first present our approach and 

preliminary data on growing the atomically-thin films conformally on arbitrary 3D 

substrates. Then we will share our perspective on the significance of this unique 

capability on future device scaling toward atomically small limit. 

6.2 2D Film Grown on 3D Substrates 

 Figure 6.2 demonstrates our approach. Starting with silicon dioxide or silicon 

substrate, we first spin coat photoresist on the substrate and then pattern the photoresist 

using photolithography. Depending on the targeted final 3D shape, we either use dry 

etching (plasma etching) or wet etching (either HF or KOH) after the photolithography 

to generate our 3D substrates. Those patterned and etched substrates are then inserted 

into our growth chamber where we grow TMD films. Here we use MoS2 as a 

representative TMD and the growth conditions remain the same compare to when we 

grow it on planar substrates. 
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Figure 6.2 Schematic of the process for generating 3D growth substrate. 

The 3D growth substrate is generated by using photolithography in combination with 

either dry or wet etching on silicon or silicon oxide substrates (depending on the targeted 

shape). 

 

 To confirm the coverage of the MoS2 film on the 3D substrates. We characterize 

the films using confocal fluorescence microscope where the strong photoluminescence 

emission from the direct bandgap of monolayer MoS2 can be collected and mapped over 

entire Z direction. Figure 6.3 shows the confocal fluorescence images of our MoS2 

monolayers grown on various 3D substrates. As the images show, the monolayer MoS2 

films fully cover all the 3D substrates that we created, confirming the feasibility of our 

method. 

Figure 6.3 MoS2 grown on patterned 3D surfaces. 

Confocal fluorescence images showing the monolayer MoS2 film is grown conformally 

on silicon or silicon oxide surfaces with various 3D shapes. 
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 To show that the monolayers are indeed conformally coated on these 3D 

surfaces, we suspend the films from their substrates. For this, we spin coat polymer 

(usually PMMA) on the as-grown film and then etch away the underlying growth 

substrate by KOH. The film is now floating on the solution and it is then scooped up 

onto a holy grid to fully suspend the 3D film after drying. Figure 6.4 presents the SEM 

images of the structure. Figure 6.4a shows the high yield of the suspended 3D films on 

the holy grid, implying the high mechanical strength of these atomically-thin films. 

Higher magnification image is displayed in Fig. 6.4b. It shows that the films retain the 

3D shapes from their growth substrates, and they are structurally continuous, which 

means they originally covered all the areas featured in their 3D growth surfaces. 

Figure 6.4 SEM images of suspended 3D MoS2 monolayer. 

(a) SEM image of the suspended MoS2 monolayer with pyramid shape. Scale bar: 1 m. 

(b) Zoom-in image of (a). Scale bar: 200 nm. 

 

6.3 Self-aligned Multilayer Patterning  

 The miniaturization of the devices has a large reliance on the development of 

the photolithography machine where the device size is mainly limited by the resolution, 

delivery and reproducibility of the light. The technological advance for next generation 

photolithography machine has been slow considering the strong need for smaller 
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devices. There is increasing demand for an alternative way to scale devices down 

beyond the lithography limit. 

Figure 6.5 Self-aligned multilayer patterning process. 

(a) Block copolymer (BCP) patterning resulting in AlOx lines after block-selective 

incorporation of trimethylaluminum into PMMA and polymer removal by O2 plasma; 

(b) mandrel fabrication by pattern transfer to carbon; (c) conformal TiOx spacer 

deposition by ALD; (d) spacer etch back and mandrel removal; (e) pattern transfer to 

Cr or CrNx hard mask and TiOx wet strip; (f) Si etch and hard mask strip. Reproduced 

from Ref. 112. 

 

 The current technique that is employed in almost all the major fabrication sites 

is called self-aligned multilayer pattering (SAMP)111,112. The schematic shown in Fig. 

6.5 illustrates this process. At first, the relatively large patterns are created by 

conventional photolithography on the substrate surface. Then the pattern is transferred 

to the underneath layers by plasma etching. After that, thin film of few nanometer 

thickness is deposited on the resulted patterned substrate. Followed by another run of 

plasma etching, the thin film structures that are deposited on the side walls of the 

previous patterned substrate are retained and they play the role of hard mask and dictate 

the final device size. As it can be seen, smaller devices can be achieved when the 

conformally deposited film on step (c) is thinner.  
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 Monolayer MoS2, with a thickness of less than 1 nm that can be grown 

conformally over arbitrary surfaces therefore has a great potential in SAMP. If the 

plasma etching processes that have high selectivity for monolayer MoS2 over other 

materials or vice versa, can be identified, then devices smaller than 1 nm can be 

achieved. To date, this remains a relatively unexplored area for monolayer TMD 

applications. 

6.4 Summary 

 In this chapter, we presented our approach to conformally grow monolayer 

MoS2 films on arbitrary 3D substrates. The capability to do this together with its atomic 

thinness, creates a huge potential for fabricating atomically small devices that are 

otherwise difficult to achieve due to the technological challenge in photolithography. 
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