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ABSTRACT 

In this thesis, we have carried out a systematic study on the material synthesis, state-of-

the-art characterization and property investigations of transition metal dichalcogenides (TMDs) and 

their heterostructures by defect engineering. First, a defect-controlled approach for the nucleation 

and epitaxial growth of WSe2 on hBN is demonstrated. The results reveal an important nucleation 

mechanism for epitaxial growth of van der Waals heterostructures and indicate that hBN is a 

superior substrate for synthesizing single crystal TMD films, exhibiting a reduced density of 

inverted domain boundaries and improved optical and electronic properties. Second, we discuss the 

synthesis of high quality superconducting α-phase molybdenum carbide (α-Mo2C) flakes and 2D 

molybdenum carbide/disulfide heterostructures exhibiting higher superconducting transition 

temperatures, an insight into the formation mechanism and possible epitaxial-strained or moiré 

configurations of MoS2/γ-MoC are discussed to explain the latter. Third, we have used a plasma-

assisted method to introduce carbon-hydrogen (CH) units within monolayer WS2 for the first time. 

The carbon doping leads to reduction of the optical band gap, and the electronic transport gradually 

becomes entirely p-type behavior as the carbon doping level increases. Fourth, we have 

successfully used a single-step powder vaporization method to synthesis vanadium-doped WS2 (V-

WS2) monolayers with a wide spectrum of vanadium concentrations. Interestingly, as-synthesized 

V-WS2 monolayers show a consistent reduction of the optical bandgap and the emergence of the 

p-type transport branch (reaching ambipolarity), as a function of vanadium concentration. In 

addition, ferromagnetic ordering is simultaneously induced in monolayer V-WS2 at room 

temperature and reaches optimal at ~2%at. vanadium concentrations. We have demonstrated that 

the electronic, optical and magnetic properties of TMDs could be tuned by defect engineering such 

as introducing foreign atoms into the lattice or by heterostacks formation. Mechanisms associated 

with these changes were also elucidated. The results summarized in this thesis could contribute to 
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the fabrication of next-generation optoelectronic, magneto-optical and magneto-electronic devices, 

which is foreseen that 2D materials could have practical applications in the near future.  
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Chapter 1 

 

Introduction and Literature Review 

1.1 Two-dimensional (2D) materials library 

1.1.1 Graphene 

Graphene, owns a hexagonal lattice with carbon sp2 bonds (Fig. 1-1), is an atomically thin 

layered material that has been widely investigated.1 Significant scientific breakthroughs have been 

made in materials science field at 2004 since Novoselov and Geim successfully exfoliated single 

layer graphene by scotch tape,1 the achievement in physics investigation of exfoliated graphene is 

also awarded Nobel prize at 2010. Atomically thin two-dimensional (2D) materials research topics 

has been burgeoning for last 15 years already from then on. Distinct properties would emerge when 

materials reduce in one dimension due to quantum effect. Graphene exhibits no band gap in the 

electronic structure because its crystal structure, act as a semimetal with zero density of state at 

Fermi level (Figs. 1-1c and d).  Graphene endow unique properties such as excellent heat and 

electrical conductivity, most robust ever tested2, high opacity3 and flexibility4, holding great 

promise in next generation electronics5 and optoelectronics6. However, graphene-based field effect 

transistors (FET) fails to effectively function switching off as insulators thus show low on/off ratio. 

Extensive efforts have been done for open up a small band gap at Fermi level to realize gate/light 

controllability of carriers, such as chemical functionalization,7 substitutional nitrogen8 or boron9 

doping, strain engineering10 and moiré engineering11. Although there is graphene is suitable for 
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spin carrier for spintronics due to extremely low spin-orbital interaction,12 lacking of a sizeable 

band gap (1-2 eV) limit its practical applications as electronics and optoelectronics. Such 

functionalities could be realized in other 2D nonconducting material systems including dielectric 

hexagonal boron nitride (hBN), semiconducting layered transition metal dichalcogenides (TMDs).   

 

Figure 1- 1 Crystal structure of the (a) bulk graphite and (b) monolayer graphene, respectively; (c) 

Dirac cones and (d) band structure of monolayer graphene, from Ref [13]. 

1.1.2 Boron nitride 

Hexagonal boron nitride (hBN) as one of various crystalline polymorphs of boron nitride, 

act as structural analogue of layered graphene. As a thermally conducting yet electrically insulating 

2D material14, hBN owns attractive properties such as high mechanical strength,15 chemically inert, 

electron tunneling barrier,16 and high optical transparency, thus has been lauded as an ideal 

dielectric layers to maintain the intrinsic electronic and optoelectronic properties of TMDs17,18 as 

well as an outstanding template for the growth of vdW heterostructures19 and building blocks for 

fabrication of optical20 and electronic devices21 (Fig. 1-2). It has been show that semiconducting 

MoS2 exhibits less electrically fluctuations on dielectric hBN,22 which is free of charged surface 

localized states and charged inhomogeneity, leading to higher carrier mobility of 2D materials (10 
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times higher than that on oxide Si substrate).23,24 The lacking of inversion symmetry in hBN also 

suppress inversion domain formation25 when synthesizing TMDs thin films to eliminate degrading 

device performance26 and possibly inducing undesirable multilayer growth27. 

 

Figure 1- 2 (a) Schematic of MoS2/BN vertically stacked heterostructures, (b) Ids−Vgs curves show 

the transport characteristics of MoS2/h-BN heterostructures based FET from Ref [19]; (c) 

Schematic of Lego heterostack by hBN-encapsulated MoS2, inset is the anatomy of the building 

blocks, from Ref [28]. 

1.1.3 Transition metal dichalcogenides 

Layered transition metal dichalcogenides (TMDs) are considered another 2D material 

system with versatile chemical formula MX2 which consists of transition metal atoms M (e.g., Mo, 

W, mostly constrained in groups IV-VI) sandwiched between two layers of chalcogen atoms X (S, 

Se, Te) (Fig. 1-3), the weak out-of-plane van der Waal bonding and strong in-plane covalent 

bonding enable isolation of TMDs materials down to monolayers.29 Two main polytypes of layered 

TMDs are concreted by above mentioned layers as 2H and 1T phases, the coordination of transition 

metal atom is trigonal prismatic in 2H phase and octahedral in 1T phase.  
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Figure 1- 3 Crystal structure of monolayer TMDs (a) All the possible transition metal elements and 

chalcogen elements in the periodic table that can crystallized as layered structures are highlighted,  

from Ref [29]; (b) Schematic representation of a typical MX2 structure; (c) Electronic band 

structure of bulk, 4 layers (4L), 2L and monolayer MoS2  from Ref [30]. 

 

It is appealing that most atomically thin TMDs show exotic properties with respect to their 

bulk counterparts31,32 benefiting from the nature of anisotropic bonding (weak interlayer van der 

Waals forces and strong in-plane bonds)33. A representative semiconducting TMD, MoS2, is 

considered as an outstanding candidate for optoelectronic devices32 due to its indirect to direct 

bandgap transition31 (when thin down to monolayer), thus resulting in an enhancement in the 

photoluminescence yield, and for atomically thin FET34 because of the high on/off current ratios 

(>105)35 and tunability in carrier type and concentration. It is also reported that MoS2 can serve as 

a catalyst for hydrogen evolution reaction (HER) due to its catalytically active edge sites.36 The 

electronic structure of TMDs is dominated by the transition metal coordination environment and 

its remaining (M4+) d-electron after bonding with chalcogen.29 The electronic properties of pristine 
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TMDs range from semiconductors (MoS2, WS2, MoSe2 and WSe2) to metallic (VS2, NbS2). Exotic 

behaviors in certain TMDs are also been explored such as superconductivity in MoTe2
37, 

ferromagnetic ordering in VSe2
38, and charge wave density in TaS2

39, and so on.   

1.1.4 Transition metal carbides  

The recently discovered functionalized transitional metal carbides (MXenes, with formula 

of Mn+1TxCn, where M is the transitional metal and T refers to the functional group), provide new 

2D building blocks, with potentially useful properties especially in electrical energy storage.40 Yet 

extensive intrinsic defects and lacking of large area controllable synthesis method hindered 

investigation of their fundamental physical properties and applications in electronics.41 More 

recently, it has been reported that large area 2D transition metal carbides (TMCs) crystals such as 

α-phase Mo2C can be synthesized by chemical vapor deposition, as-grown high quality 2D α-Mo2C 

show thickness dependent superconducting transition temperatures (TC) up to 4K which makes it a 

promising candidate for studying the intrinsic properties of superconductivity in two dimensions 

(Fig. 1-4).42 
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Figure 1- 4 (a)-(c) Schematics of the MXene (Ti3AlC2) crystal structure and related exfoliation 

process. The Al atoms was substituted as OH ions after etching by HF, sonication of the etched 

flakes in methanol results in hydrogen bonds breaking between layers then separation into thin 

sheets from Ref [43]; (d) schematics of CVD growth of 2D Mo2C crystals from Ref [41]; (e)optical 

image of 2D Mo2C grown on Cu, (f) Thickness dependence of superconductivity of 2D ultrathin 

Mo2C crystals from Ref [42]. 

1.2 2D TMD-based Heterostacks/Alloys and Properties 

1.2.1 Heterostacks by transition metal dichalcogenides 
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Above-mentioned van der Waal materials including conductive graphene, semiconducting 

TMDs, insulating BN and superconducting TMC can be integrated or assembled together into a 

multilayer stack (vertical heterostructures) or stitched as in-plane contact. The resulting “customer-

made” designs provide an approach to novel properties and functionalities of these 2D materials, 

also called as van der Waal solids (Fig. 1-5). As an excellent vdW dielectric layer, BN has been 

proven to be a perfect substrate for graphene electronics with atomically flat interfaces, reduced 

impurity doping and chemically inactivity.44 Exotic physical properties has been investigated since 

then such as Moiré superlattices in graphene/BN heterostacks induced Hofstadter’s butterfly and 

fractal quantum Hall effect45, enhanced light matter interactions in TMDs/graphene heterostacks46. 

Thanks to the weak interlayer vdW forces in 2D materials, arbitrary 2D layers could be vertically 

stacked with various orders or orientations simply by exfoliation-stacking technique.47 By stacking 

WS2 on graphene, unprecedented high current modulation at room temperature and high on/off 

ratio is obtained due to the coupling of tunneling and thermionic transport with respect to the 

barrier, with practical applications in flexible and transparent next generation devices.48 

Considering the limitation on controllability and scalability of the exfoliation-stacking technique, 

it is highly desired to produce targeted 2D heterostructures by direct synthesize method. Beyond 

the truth that scalable synthesizing individual 2D layers then transfer layer-by-layer to form 

heterostacks, one can improve to direct synthesize one 2D materials on another to avoid the 

inevitably interface contaminations and wrinkles from transfer process. Robinson et al. realized the 

direct and controllable synthesis of van der Waal solids based on graphene, hBN, MoS2, and 

WSe2with atomically sharp interface and precise orientation relations.49 Besides that, TMDs on 

graphene,50,51,52 TMDs on BN,19,25,53, graphene/BN stacks54 or in-plane heterostructures55, TMDs 

on another TMDs,56,57 graphene/TMC heterostructures,58,59,60 are realized by controllable synthesis 

method with intriguing properties in electronics19, optoelectronic56,57, catalysis51,60 and 
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superconductivity58,59. The growth mechanism, atomic registry and properties of metalorganic 

chemical vapor deposition grown WSe2/BN are systematically studied in Chapter 3. 

 

Figure 1- 5 Building van der Waals solids. arbitrary 2D layers could be vertically stacked by 

exfoliation-stacking technique or direct growth of one kind of 2D material on other from Ref [47].  

 
After the experimental isolation of both 2D TMDs and TMCs, new fundamental challenges 

arise in regards of the possible doping or combination of both kinds of materials. TMC/TMD alloy 

structures are explored to exhibit intriguing properties for innovative applications (Fig. 1-6). One 

route to realize the TMD/TMC hybridization is direct carburization of 2D TMDs into chalcogenide-

carbide alloys, such hybrids have shown great potential applications on the HER catalysis 

properties with hydrogen adsorption Gibbs free energy near zero due to the existence of Mo-S-C 

ternary bonds.61,62 Zhao et al. reported a vertical aligned MoS2/Mo2C assembly acted as a binder-

free hybrid catalyst own the low overpotential and low Tafel slope which is a result of metallic 

Mo2C nanodomains dispersed at active edge sites of MoS2.61 Enhanced HER function on turnover 

frequency was also found in sulfur-decorated Mo2C nanoparticles reported by Tang et al.63 

Recently Jeon et al. demonstrated an epitaxial Mo2C/MoS2 heterojunction platform with a small 

Schottky barrier height with low contact resistance, the metallic Mo2C could serve as electrical 
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contacts to the semiconducting MoS2.64 Very recently, the synthesis of large-area monolayer TMCs 

by a CVD method was reported65. The as-grown materials are highly crystalline, and can be 

transferred to arbitrary substrates for sulfidation or selenization. Such hybrid structures with high-

degree of crystallinity and atomically sharp interfaces are expected to exhibit novel properties for 

innovative applications. For example, in a lateral TMD/TMC heterojunction configuration, the 

metallic phases could serve as electrical contacts to the semiconducting disulfides.64 In a vertically 

stacked geometry, the plasmonic mode generated from the metal carbide or byproduct graphene 

quantum dots may monitor the band structures or be coupled to the excitonic emission of the 

semiconducting phase.66,67 A similar effect has been previously reported in gold decorated MoS2.68 

It is expected to identify new physical phenomena in these systems that are either stable or 

metastable and determine the physical origins of these phenomena. 

 
Figure 1- 6 (a) Vision of the proposed effort. TMDs and TMCs, will be blended in different 

compositions and configurations, in order to create novel alloys and heterostructures; (b) structure 

of WxMo1-xS2/rGO nanosheets as effective hydrogen evolution reaction catalyst from Ref [69]; (c) 

Synthesis and hydrogen evolution reaction catalysis performance of alloyed Mo2C/MoS2 from Ref [61]; 
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(d) the channel sheet resistance of top-contact Ti/MoS2 (black) and lateral-contact Mo2C/MoS2 

junction based FET devices (red) from Ref [64]. 

1.2.2 Alloys of transition metal dichalcogenides 

Compared with other material engineering methods, such as chemical functionalization70, 

alloying is non-volatilely able to tailor the material's band gap.71 With a designed “pattern 

regrowth” method, graphene and BN alloy (some literature also called as BCN alloys) is realized 

as ultrathin circuit component.72,73 Many studies show that it is possible to engineer catalytic74,75,76, 

electronic77,78, and optical79,80 properties by alloying 2D layered TMDs (Fig. 1-7), especially 

commonly studied TMDs such as MoS2, MoSe2, WS2 and WSe2, allowing completed range of alloy 

compositions.80,81 Engineering the performance of layered TMDs-based electronic devices can be 

achieved through alloying by regulating the positions of valence band and conduction band.78 The 

tunable band gaps in alloys can excite cut-off with wide spectrum of detection wavelengths, which 

hold great promise in optoelectronics such as photodetecting devices.79,80 It is expected that even 

greater flexibility and manipulation of the alloy's properties could be achieved. 

 

Figure 1- 7 (a) Hydrogen evolution reaction catalysis performance of alloyed MoS2(1−x)Se2x from Ref 

[82]; (b) Tunable PL responses from monolayer WxMo1−xS2 and their pristine counterparts from 

Ref [83]. 
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To date, 2D superconductivity became an emergent scientific frontier currently addressing 

a number of unanswered questions, such as the disparate evolution of the superconducting 

transition temperature in the different compounds as a function of the layer numbers.84 In the two-

dimensional limit superconductivity is found to exhibit unique properties: for example, monolayer 

FeSe grown on SrTiO3, is claimed to display superconductivity at temperatures as high as Tc=100 

K85,86 in contrast to the bulk value Tc=8 K. Ionic liquid induced superconductivity on the surface of 

TMDs87 such as MoS2 as well as the intrinsic superconductivity in exfoliated metallic TMDs (e.g. 

NbSe2) display a remarkable resilience with respect to external magnetic fields at in-plane 

direction.88 In few layers or in monolayer 1H-TaS2 the superconducting upper critical fields are 

found to surpass the Pauli-limiting field by a factor exceeding six.84 The spin-singlet Cooper pairing 

would occur among carriers at the K and K’ valleys having opposite spins which is evidence for 

the so-called Ising-paired state. In the monolayer limit, the functional form of the spin-orbit 

coupling is predicted to orient the orbital moments and hence the coupled spins (of the 

quasiparticles), perpendicularly to the superconducting planes which renormalizes the Pauli 

limiting field. Although, this scenario is not applicable to few layered crystals, these still display 

remarkably high upper critical fields for reasons that remain to be understood. 2D 

superconductivity became an emergent scientific frontier currently addressing a number of 

unanswered questions, such as the disparate evolution of the superconducting transition 

temperature in the different compounds as a function of the number of layers.84 

 

Emergent superconductivity is found in 1T’-MoS2 monolayers with upper critical field 

beyond Pauli paramagnetic limit, through chemical exfoliation from bulk 2H-phase.89 In the type-

II Weyl semimetallic candidate MoTe2, Tc can be enhanced either through sulfur doping which 

induces a phase transition (from 1T’ to Td (monoclinic to orthorhombic) phase)90, which is claimed 
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to enhance the electron-phonon coupling91, or through exfoliation down to the monolayer limit that 

is believed to stabilize the Td phase at room temperature.92 Multilayer WxMo1-xCyS2 were realized 

by mixing, oxidizing and sulfurizing mixtures of Mo and WC at high temperatures (800-1100 °C) 

by Terrones et al. at 2000.93,94 The obtained multilayer systems exhibit superconducting behavior. 

The different phases in molybdenum carbide display distinct superconducting properties which 

opens up the possibility of manipulating the performance of the carbide system via phase transitions 

such as alloying or formation of heterostacks with transition metal disulfide. Studies of 

molybdenum carbide/ disulfide heterostack/alloy structures and properties are discussed in Chapter 

4.  

1.2.3 Doping in transition metal dichalcogenides 

Controllable and non-volatile tailoring of the desired properties of TMDs can be realized 

by substitutional doping,95 where substituting foreign atoms engineer the materials also called as 

defect engineering.96 Taking into account introducing a foreign atom substitute in a crystal lattice, 

the atom/ion relative size, valence and electronegativity are all crucial factors tailoring the resulting 

properties.96 Superior than other engineering methods such as chemical functionalization,70 which 

mainly relies on the electron transfer between TMDs and adsorbed organic species, substitutional 

doping is able to controllably tailor both the material's band gap and crystalline structure, as 

demonstrated theoretically71 and experimentally78,79 (Fig. 1-8). New functionalities including 

emerging spin-orbit anisotropies, thermal transport anisotropies97 and the rising of magnetic 

order98, have also been explored for doped TMDs. The approach used to dope TMDs is highly 

dependent on the elements that could be introduced into the crystalline lattice. Transitional metal 

disulfide/diselenide or molybdenum/tungsten dichalcogenides based doped materials were widely 
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investigated for adjustable optical bandgaps at full-range composition variations,80,99 substitutional 

cation doping also drastically alters the electronic structure of the TMDs,100 such as degenerated n-

type transport by rhenium doping101 and emergence of p-branch by niobium dopants102, tantalum 

can also substitute the metal cation in TMDs in order to achieve a p-type electronic behavior.103,104  

 

Figure 1- 8 (a) A rectification characteristic of p−n junction built by van der Waals pristine/Nb-

doped MoS2 stacked flakes; (b) I−V curves of the stacked p-n junction at variable applied voltages   

from Ref [104]. (c) Nitrogen doped MoS2 by N2 plasma treatment and induced compression strain 

in the lattice from Ref [105]. 

 

 

In addition, chalcogen (anion) doping could achieve stable and controllable tailoring of 

TMDs. A p-type doping behavior can also be obtained or enhanced by introducing substitutional 

phosphorus in MoS2-based field effect transistors106, as well as through oxygen molecule 

physisorption107. In a recent report, covalent nitrogen doping resulted in variations of the MoS2 

electronic structure.105 Reversible optical and electronic properties of hydrogenated MoSe2 were 

realized by simply treat monolayers with hydrogen plasma.108 These studies enlighten our 

exploration on anion doping of carbon into TMDs via plasma-assisted method,109 which will be 

discussed in Chapter 5.  
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Encouragingly, magnetic doping at the intrinsic paramagnetic TMDs110 could also be 

achieved by substitutional doping as reported by both theoretical and experimental studies. 

Ferromagnetism in 2D semiconducting systems is an astonishing property that promotes the 

fundamental studies of the spin behavior at low dimensions and envisions new gate-modulated 

spintronic applications—exploits both the charge- and the spin- based data manipulation and 

storage.111,112 2D TMDs based diluted magnetic semiconductors (DMSs) have recently been 

investigated through incorporation of magnetic transition metal atoms such as V113, Ni114, Co115 and 

Mn116 within lattices, room-temperature ferromagnetism could even be preserved in V-doped 

WSe2,113 and V-decorated MoTe2.117 Correlations among the doping concentration, the emergent 

ferromagnetic feature and other functionalities (electronic and optoelectronic) in these materials 

have not been well understood, knowledge of which is in great demand for new opportunities as 

novel magnetoelectric and magneto-optic applications.118,119 We successfully synthesized high 

quality V-doped WS2 monolayers with variable doping levels, an intrinsic ferromagnetic state at 

room temperature in monolayer moderate V-doped WS2 (optimal at 2%) is demonstrated detailed 

in Chapter 6.  

1.3 Assembly methods for TMD based heterostacks and alloys 

1.3.1 Assembly of TMD Heterostacks 

Similar to synthetic routes of pristine 2D materials, the assembly method of heterostacks 

of 2D material also can be classified as bottom-up and top-down methods.120 Mimicking the 

exfoliation of graphene by scotch tape, other 2D blocks including pristine and doped TMDs could 



15 

 

readily serve as building blocks by mechanical peeling apart from their parent counterparts. 

Reliable blind121 or deterministic122 transfer methods are used for stacking these materials in 

arbitrary orders to realize unique functions. It is expected to get clean and atomically sharp 

interfaces due to the free-dangling bonds for layered materials after stacking, while the defects in 

the material and transfer process would inevitably introduce wrinkles or contaminations in the 

heterostack assemblies.122,123 The atomic structure of the defects within the interface can affect or 

deteriorate the physical, chemical and electronic properties of vdW heterostacks as well as the 

fabrication and functionality of devices.47 Moreover, manual transfer cannot precisely regulate the 

stacking orientation of the two nanosheets. To address this problem, scalable and controllable 

synthesis method is imperative to obtain vdW heterostructure with a clean interface49 benefitting 

from elimination of postgrowth handling.  

 

Scalable and controllable CVD and powder vaporization (PV) synthesis of TMDs on 

graphene was firstly124 and then extensively50,125,126 investigated due to the unique properties on the 

heterostacks such as PL quenching effect in TMDs/graphene vdW heterostructures50,125 (Fig. 1-9). 

Previous works19,22,127,128 have also reported TMDs/hBN heterostructures synthesized by CVD 

process, some of them22, 128 demonstrated TMDs show preferred growth orientation on hBN surface 

while the others did not, which may related to the hBN surface defect conditions and synthesis 

methods. Directly epitaxial growth of TMDs on another TMDs are also widely studied as in-plane 

heterojunctions with atomically sharp interfaces,129,130,131 or as out-of-plane heterostacks for novel 

physical phenomena such resonant tunneling effect in an atomically thin MoS2/WSe2 stack with 

negative differential resistance characteristics,56 strong interlayer exitonic transition at WS2/MoS2 

vertical heterostacks due to type II band alignment,129 and Moiré or strain engineering of electronic 

structures of TMDs by epitaxy growth.57 Although enormous devotions are applied to the CVD 
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synthesis of TMD-based heterostacks, the fundamental epitaxial mechanism are not well 

understand, such as the orientation epitaxial relationship would exist or not between different 

process and the interface interferences with vdW bonding. Another obstacle for atomically sharp 

interfaces heterostack formation comes from the sequences for materials synthesis, the epitaxial 

substrate materials must hold integrity when experiencing the harsh CVD process for synthesizing 

another material, such as high temperature or chemical reactive species incorporation. Subtle 

fluctuation in TMD(A)/TMD(B) heterostack synthesis process may lead to totally different 

compositions, such as diffused alloys instead of clear stack interfaces, the instabilities still need 

further discussion. Other heterostack assembly methods are also developed for specific cases in 

applications such as molecular beam epitaxy (MBE),38,132 solution-based method69,133.  

 

Figure 1- 9 (a) TEM image of freestanding vertical heterostructure of WSe2/graphene; (b) PL 

responses from freestanding WSe2/graphene films and substrate coupled WSe2/EG heterostructures 

indicates drastic PL emission quenching when suspending from Ref [59]; (c) TEM analyses of 

MoS2/SnS2 in both cross-sectional direction and planar view, the Moire patterns at planar view 

shows the lattice and angle mismatch between MoS2 and SnS2 during epitaxy; (d) PL spectra of 

pristine SnS2 (blue) and epitaxial MoS2/SnS2 heterostacks (red)  from Ref [57].  
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1.3.2 Synthesis methods of alloying/doping in TMDs 

Alloying and doping are promising methods to enable the novel physical phenomena and 

functionalities in TMDs.134 Almost entire family of transition metals in periodic table has been 

considered as alloying/doping species by density functional theory (DFT) calculations134,135,136 or 

already experimental realized to date, these elements including cation elements Re,101 Nb,102 

Ta,103,104 Mn,137 Fe,138 Co115,139 and Au140, and anion elements N,105 P,106 H108, C109 and O141. The 

doping methods vary from physical vapor deposition, solution-based synthesis, chemical vapor 

transport, powder vaporization to chemical vapor deposition. Each method owns its advantages and 

drawbacks which could be compensated by optimizing the process or combination of methods.  

 

Solution-based synthesis method for 2D materials nanostructures have advantages in 

scalable and high yielding of high surface area materials, low temperature compatibility which are 

desired for catalysis performance. Fluorinated hBN are realized in a solvothermal solution-based 

environment with fluorinating agent, the resulting materials behaves as a magnetic semiconductor 

comparing the pristine insulating BN nanosheets,142 Alloys of MoxW1-xSe2 and WS2ySe2(1-y) 

colloidal few layers were reported by Sun et al.143 exhibiting full spectrum of composition ranges 

in terms of cation and anion. The alloyed materials show modulated bandgaps, which can be 

adjusted between 1.51 and 1.93 eV which are promising for optical applications. Hydrothermal 

synthesis of transition metal doped TMDs nanosheets are also widely studied such as Cu-doped 

MoS2
144 and V-doped MoS2

145,146 sheets, the electronic structure of deliberately doped 

semiconducting MoS2 will significantly monitored for tunable optical and electronic properties, 

energy storage properties146 and even emergence of ferromagnetism144.   
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Physical vapor deposition (PVD) method is sophisticated technique to produce alloyed 

metal or thin film coatings for various applications,147 and has been extended as a reliable way to 

synthesis transition metal dichalcogenides.148 The growth of MoS2(1–x)Se2x monolayer alloys with 

controllable edge terminations and morphology were reported by Feng et al.149 PVD methods are 

also applied for alloyed metal seed coatings for further sulfurization (thin film convection),148 these 

structures are used to understand the growth mechanism of TMDs, and the obtained vertically 

aligned alloyed nanosheets are readily as HER catalysis electrodes.150   

 

Chemical vapor transport (CVT) reaction is most adopted as a process for crystallization 

of TMD purified crystals or alloyed/doped TMD crystals.151 The volatile derivatives (elemental 

precursor) were sealed and located at the hotter side of tube furnace with a temperature gradient, 

migrating via a transport agent, and slowly convert to stoichiometric crystals at the cooler end. The 

as grown crystals endow high degree of crystallinity, the alloyed/ doped elements are uniformly 

dispersed with high spatial homogeneity in the crystals as long as the designed reaction follows the 

thermodynamic rules as an exothermic process.152 Random distribution of anion in CVT produced 

MSxSe2-x (M= Mo, W) alloyed crystals are reported by Nguyen et al. with detailed characterizations 

in structures and composition and readily for exfoliation for further applications.153 It is also 

demonstrated that nickel doping in WSe2 crystals114 by CVT process can introduce ferromagnetic 

ordering in the lattice, and V-doped MoS2
154 crystals with various doping concentrations exhibit 

tunable semimetal character which is suitable as effective HER catalyst.  

 

Comparing with chemical vapor transport (or solid-state reaction) growth of bulk alloy and 

then following mechanical or chemical exfoliation for obtaining 2D layered materials, powder 

vaporization and CVD are lauded as most flexible and explored methods for doping or alloying 
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foreign elements (no matter cation or anion) into TMD materials, with controllable morphology 

and scalable crystal size, advantages in short time scales, lower temperatures and flexible precursor 

choices.155 While the more kinetics-driven CVD processes may results in different synthetic 

morphologies of alloyed materials, such as homogeneous alloys,77,100 non-uniform alloys with 

composition gradient,97, 156 and phase-segregated heterostructures.131 These methods can be 

included in two categories. First is multiple-steps preparation method that to use the pristine 

materials as a platform, treated with post doping techniques such as ion exchange157, diffusion61 or 

decoration63,117. These methods show great flexibilities from pristine counterparts to induced 

species which opens a pathway to tailor the intrinsic properties of the 2D materials, by strain 

engineering and structural engineering. In two-step synthesis MoS2-WS2 heterostructures, 2D 

heterostack or 1D lateral heterojunction can be selectively generated by tuning the process 

temperature.129 On the other hand, one-step synthesis processes are extensively investigated for 

controllable and reliable process which show more benefits for practical applications. Methods 

such metal convection (PVD of metal seedings followed by sulfidation)103, 148 are feasible for 

alloying and doping. By careful selection of dopant precursor and optimization of growth 

parameters, one-step CVD process are also applied for simultaneously synthesis of 

pristine/doped/alloyed TMD materials which are controllable and readily study the effect of 

alloying/doping.  

1.4 Objectives and Organization of the Thesis 

Chapter 1 provides the literature reviews and current research statues of 2D materials 

beyond graphene, including transition metal dichalcogenides and their derivatives, such as 



20 

 

heterostacks and alloys. The synthesis methods and properties of the TMD-based heterostacks and 

alloys are also discussed. 

 

Chapter 2 summarize the experimental procedures and methods including material 

synthesis methods, characterization and property performance test.  

 

The research subjects (Chapter 3-6) mentioned in this thesis are listed as follow: 

(1) Defect-controlled nucleation and orientation of WSe2 on hBN——a route to single 

crystal epitaxial monolayers. This study provides a tentative solution to ultimate problem of single 

crystal growth of TMD monolayers, using boron nitride polarized dangling bonds free surface as 

vdW epitaxial growth substrate. (Chapter 3) 

 

(2) Superconductivity enhancement of molybdenum carbide via the formation of 

carbide/disulfide heterostacks. High quality superconducting α-phase molybdenum carbide (Mo2C) 

flakes were used to engineer 2D molybdenum carbide/disulfide heterostructures. This approach 

induced controlled successive phase transitions between various superconducting carbide phases, 

which led to consecutive increases in TC. (Chapter 4) 

 

(3) Carbon doping of WS2 monolayers: Band gap reduction and p-type doping transport. 

By assistance of plasma, we successful introduce carbon-hydrogen species into WS2 monolayers 

for the first time. The carbon-doped WS2 monolayers exhibit tunable optical and electronic 

properties, as revealed by both experimental measurements and theoretical simulations. (Chapter 

5) 
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(4) One-step synthesis of monolayer vanadium-doped tungsten disulfide: an emerging 

room-temperature diluted magnetic semiconductor. Vanadium-doped tungsten disulfide (V-WS2) 

monolayers with a wide spectrum of vanadium concentrations were synthesized by a reliable 

single-step powder vaporization method. Ferromagnetic ordering is induced in monolayer V-WS2 

at room temperature and reaches optimal at ~2%at. (Chapter 6) 

 

Finally, chapter 7 contains the conclusions and future work of this thesis. 
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Chapter 2 

 

Experimental Procedure and Material Characterization 

2.1 Synthesis of pristine/doped/ alloyed transition metal dichalcogenide and carbide 

2.1.1 Metal organic chemical vapor deposition of tungsten diselenide on boron nitride 

The hBN flakes were mechanically exfoliated from powder (grade PT 110, Momentive 

Performance Materials) and placed on a c-plane sapphire substrate. The hBN flakes on sapphire 

substrate is applied for reactive ion etching treatment. 50 sccm of helium gas was introduced into 

a Tepla M4L Plasma Etch system at a regulated pressure of 180 mTorr, with a radio frequency 

(13.56 MHz) power of 50W to generate He plasma. Different etching times were applied to hBN 

surfaces while fixing other plasma generation parameters. Both freestanding ME-hBN (transferred 

by PMMA-assisted method onto TEM grid) and ME-hBN placed on sapphire substrate were used 

as templates to fabricate WSe2/hBN heterostructures by gas source CVD process by Dr. Xiaotian 

Zhang at Prof. Joan M. Redwing’s laboratory.1,2 Substrate was placed onto a SiC-coated graphite 

susceptor which was inductively heated up to 800ºC under H2 in a cold wall vertical quartz tube 

reactor. W(CO)6 and H2Se was introduced into the reactor during the whole growth process.  

2.1.2 Powder vaporization synthesis of pristine tungsten disulfide monolayers 
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Pristine monolayer WS2 samples were synthesized by atmospheric pressure chemical vapor 

deposition (CVD)3. Silicon substrates with 300nm of SiO2 were used as growth substrates for 

powder vaporization process. These substrates were cleaned as follow: first sonicated in acetone 

and isopropyl alcohol for 10 minutes each and then cleaned with deionized water, followed by 

medium air plasma treated for 10 mins. afterwards, they were sonicated and rinsed with deionized 

water again and dried with pure nitrogen. A quartz tube furnace with ultra-high purity argon as the 

carrier gas was employed as the reaction chamber. Mixed powders of WO3 and NaBr (5 mg:1 mg) 

were loaded inside an aluminum boat, and air plasma cleaned Si/SiO2 wafers were placed on the 

top of the boat facing down. Sulfur powders (300 mg) were located the upstream and were 

vaporized at 250oC during the experiments. In a typical 15 min synthesis, WO3 and NaBr powders 

along with the growth substrate were heated up to 825 °C, while the sulfur was simultaneously 

heated up by a heating tape. The furnace was allowed to cool to room temperature naturally. 

2.1.3 Plasma-assisted carbon doping of monolayer WS2 

As-grown WS2 monolayers were placed at the hot-zone of a home-built inductively 

coupled plasma enhanced CVD system (PECVD).4 The plasma was generated by applying radio 

frequency (13.56 MHz) to a mixture of CH4 and Ar/H2. At around 1 Torr. The system was ramped 

up to 400 °C in 15 min and the experiment was carried out for 10 min. The flow of Ar/H2 was 200 

sccm during the treatment, and flow of CH4 varied from 2 to 8 sccm, in order to achieve samples 

with various doping levels. It is noteworthy that the decision of using methane (CH4) over ethane 

(C2H6), ethylene (C2H4), acetylene (C2H2) or other hydrocarbons, is due to the simplification of the 

active hydrocarbon plasma species present in the chamber only to CHx-, which act as anion 

substitutions for S within the WS2 lattice. The other listed options for hydrocarbon gases may 
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generate plasma species containing more than one carbon atom, which would have complicated the 

kinetics of the process. 

2.1.4 Powder vaporization synthesis of pristine and vanadium doped WS2 monolayers  

0.05 g W precursor ammonium metatungstate ((NH4)6H2W12O40 · xH2O, AMT) and 0.2 g 

assisting salt sodium cholate (C24H39NaO5 · xH2O) powders were dissolved in 10 mL water to form 

a tungsten precursor solution. 0.05g vanadyl sulfate (VO[SO4]) powder were dissolved in 10mL to 

form vanadium precursor (1x10-2 mol/L). The W and V with different concentrations were 

controlled to form solution-based cation precursors. We drop casted the precursor solution onto a 

SiO2/Si substrate followed by spin-coating for 1 min with 3000 rpm. The powder vaporization 

synthesis process is carried out in a two-zone furnace with sulfur powder (400 mg) heated upstream 

at low temperature (220 ℃, heated up using a heating tape), and the cation precursor, spin-coated 

on the SiO2/Si substrates, in the high temperature (825 ℃) zone. Ultrahigh purity argon was 

employed as the carrier gas. The furnace was then allowed to cool to room temperature naturally 

after 15 min synthesis. 

2.1.5 Atmospheric pressure CVD synthesis of 2D Mo2C on molten Cu 

2D Mo2C domains were grown through atmospheric pressure chemical vapor deposition 

(APCVD) directly onto Cu substrates as previously reported.5 In our experiments, Ar carrier gas 

with a small CH4 flow (Ar:CH4=500:1) was controlled by enclosing the stacked Mo/Cu metal foils 

in a quartz tube at a temperature of 1090 ℃. A high cooling rate (~200 ℃/min) is set after 15-30 

minutes of growth. The details in the growth process and effect of growth parameters on the 

synthesized materials are discussed at Chapter 4 in details. The 2D α-phase Mo2C can be transferred 
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from the Mo-Cu assembly via a PMMA-assisted method and onto arbitrary substrates by etching 

in FeCl3 solution for 3 hours.  

2.1.6 Assembly of MoS2/carbide heterostacks in the gas source CVD system 

MoS2/carbide heterolayers are produced via APCVD system with as-grown Mo2C and H2S 

as the precursors. The reaction was performed under H2S flow at a rate of 5 sccm. Ultra-high purity 

argon gas was used as the carrier gas through the reactor to maintain a total flow rate at 35 sccm. 

Sulfurization was achieved at total reactor pressure of 700~1000 mTorr, after a growth time in the 

range of 1-20 minutes and with the substrate at a temperature of 600 ℃. 

2.2 Materials characterization methods 

2.2.1 Raman and photoluminescence (PL) spectroscopy 

A Renishaw inVia microscope with a Coherent Innova 70C argon-krypton laser with 

photon energies of 488 nm and 514 nm was used for acquiring the Raman and PL spectra using a 

backscattering configuration with an 1800 line/mm grating. Temperature-dependent PL spectra 

were measured using a Linkam THMS600 optical stage as the sample holder. All the low-

temperature PL spectra were acquired in liquid nitrogen environment. PL mapping was carried out 

using a HORIBA LabRAM HR Evolution high spectral resolution analytical Raman microscope 

with a laser wavelength of 532 nm.  

2.2.2 Transmission electron microscopy sample preparation, imaging and spectroscopy 
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The as-synthesized materials are transferred onto TEM grids for further TEM investigation 

or onto other substrates for device fabrication or performance test by the following methods. 

PMMA-assisted transfer method of 2D materials are the widely used for transfer of 2D flakes and 

films which includes PMMA spin-coating and wet-etching of the substrate, FeCl3 for Cu etching 

and NaOH for SiO2 etching.3 We improved the PMMA-assisted transfer method as an etchant-free 

transfer process to avoid the damage and contaminations.6  

 

The cross-section TEM samples were prepared using a dual-beam focused ion beam (FIB) 

technique in FEI SEM Helios Nanolab 660. High resolution TEM (HRTEM) and scanning 

TEM/electron dispersive spectroscopy (STEM-EDS) of the cross-section of the sample was 

performed with a FEI Talos F200X microscope using a SuperX EDS detector, operating at 200kV. 

The HRTEM imaging condition for hBN surface defects and cross sectional of molybdenum 

carbide/disulfide interfaces were tuned to a negative Cs to provide white atom contrast at a slight 

over focus. Imaging of surface defects on BN carried out at the electron dose of ~5000 e–/Å2·s to 

minimize structural damage. Aberration-corrected STEM imaging and electron energy loss 

spectroscopy (EELS) were performed by FEI Titan G2 60-300 microscope, operating at 80kV with 

double spherical aberration correction, offering the sub-angstrom imaging resolution. A HAADF 

detector was used for the ADF-STEM imaging with a collection angle of 51-300 mrad, a beam 

current of 45pA, and beam convergence angle of 30 mrad (C2 aperture of 70 μm) for STEM image 

acquisition.  

 

For the HAADF-STEM image analysis, a Gaussian blur filter (r=2.00) was applied (by the 

ImageJ program) to eliminate noise and enhance the visibility of structural details, while the line 

profiles of ADF intensity were captured by analyzing the raw STEM images. Atomic resolution 
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STEM image simulations were conducted by using the QSTEM package7. The applied parameters, 

acceleration voltage, convergence angle and inner/outer angle for the HAADF detector and 

spherical aberration (C3 and C5), were all adjusted according to the experimental conditions. 

 

2.2.3 Other characterization methods 

The surface morphology of the samples was analyzed by atomic force microscopy (AFM) 

using a Bruker Dimension Icon Atomic Force Microscope system and field emission scanning 

electron microscopy (FESEM) using a Zeiss Merlin instrument at 5 kV. The crystal structure of the 

samples was detected by X-ray Diffraction (XRD), which was taken with PANalytical Empryean 

X-Ray Diffractometer with a Cu source. The bandgap was estimated by UV-Vis absorption spectra, 

which were transformed from reflectance measurements, acquired on Perkin-Elmer Lambda 950 

with a universal reflectance accessory (URA). X-ray Photoelectron Spectroscopy (XPS) 

experiments were done by Physical Electronics VersaProbe II facility couple with monochromated 

Al-Kα X-ray source, to understand the elemental composition and chemical states in the samples. 

Peaks were charge referenced to the CHx band in the C 1s spectra at 284.8 eV. Measurements were 

made at a takeoff angle of 45° with respect to the sample surface plane. Atomic quantification was 

performed using instrumental relative sensitivity factors (RSFs) that account for the x-ray cross-

section and inelastic mean free path of the electrons. 

2.3 Materials property performance test 

2.3.1 Electrical transport measurement 
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The electrical transport measurements were done by Prof. Saptarshi Das group at Penn 

State University. The WSe2/BN heterostacks and WSe2 films were transferred onto a 100 nm SiO2 

on p++ Si substrate using a PMMA assisted transfer process. The 5 μm channel regions for the WSe2 

on SiO2 and WSe2 on hBN on SiO2 devices were defined using electron beam lithography (Raith 

EBPG-5200) and ZEP520A photoresist. The WSe2 was etched using an SF6/O2 based etch in a 

Plasma-Therm Versalock etch tool. The resist was then removed by submersing in 85 °C JT Baker 

PRS3000 for 30 minutes followed by an IPA rise. The source drain contacts were patterned using 

a MMA/PMMA resist process and the 40 nm Ni/ 30 nm Au metal contacts were deposited via 

electron beam evaporation (Kurt J. Lesker Lab-18). Measurements were taken in vacuum (<10-5 

Torr) using a Lakeshore CRX-VF probe station and a Keysight B1500A. The hBN thickness was 

measured by AFM.2 

 

The back-gated WS2 FETs were fabricated by first transferring the undoped and carbon-

doped WS2 from the growth substrate onto a Si p++/TiN/Pt substrate with a 50 nm Al2O3 gate 

dielectric grown via atomic layer deposition (ALD) using a poly(methyl methacrylate) (PMMA)-

assisted transfer process. The source and drain regions were patterned using electron beam 

lithography with a bilayer copolymer PMMA process and developed in a 1:1 MIBK:IPA solution 

(methyl isobutyl ketone, isopropyl alcohol) solution. Electron beam evaporation was used to 

deposit the 40 nm Ni/ 30 nm Au contacts followed by a lift-off procedure in acetone and IPA. The 

devices were measured after sitting in high vacuum (<10-5 Torr) for >8 hours in order to eliminate 

any transient effects due to adsorbed species. 4  

 

Pristine and V-doped WS2 triangles were transferred from the growth substrate (Si/SiO2) 

to a 50 nm thick and atomic layer deposition grown Al2O3 substrate with Pt/TiN/p++Si as the back-
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gate electrode. All FETs were fabricated with a channel length of 1 µm with 40 nm Ni/30 nm Au 

as the source/drain contact electrodes defined using standard electron-beam lithography process. 

2.3.2 Thermal transport measurement 

The thermal transport measurements were done by Prof. Patrick E. Hopkins group at 

University of Virginia. To examine the thermal boundary conductances (hK) of devices contingent 

on the use of V-doped WS2, we deposited a nominally 80 nm Al film via electron beam evaporation. 

We measured the total conductance of the Al/doped WS2/SiO2 interface via time-domain 

thermoreflectance (TDTR). The specific analyses can be found elsewhere.8 In our implementation, 

the 808.5 nm output of a Ti:Sapphire oscillator is spectrally separated into high-energy pump and 

low-energy probe paths. The pump is electro-optically modulated at 8.4 MHz, and creates a 

frequency dependent heating event at the sample surface. The probe is mechanically delayed in 

time, and monitors the change in reflectivity due to the pump-induced heating event (i.e., 

thermoreflectivity) as a function of delay time. Both the pump and probe are concentrically focused 

through a 10x objective, yielding 1/e2 diameters of 14 and 11 μm, respectively. The data are fit to 

the radially symmetric heat diffusion equation to extract the conductances at the Al/ V-doped 

WS2/SiO2 interface. 

2.3.3 Magnetic measurement 

The magnetic measurements were done by Prof. Manh-Huong Phan group at University of 

South Florida. Physical Property Measurement System (PPMS) from Quantum Design with a 

vibrating sample magnetometer (VSM) magnetometer was used for Temperature- and magnetic 
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field-dependent magnetization measurements with a temperature range of 2 – 350 K and fields up 

to 9 T. 

2.3.4 Superconductivity measurement 

The superconductivity measurements were done by Prof. Luis Balicas group at Florida 

State University. To fabricate the electrical contacts standard e-beam lithography and e-beam 

evaporation techniques were used to deposit a 50 nm of Au on 5 nm of Ti. Measurements as a 

function of magnetic field and temperature were performed in a Physical Properties Measurement 

System using conventional electronics.  
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Chapter 3 

 
Defect-Controlled Nucleation and Orientation of WSe2 on hBN – A Route to Single 

Crystal Epitaxial Monolayers 

Reproduced (adapted) with permission from X. Zhang*, F. Zhang*, Y. Wang, D. S. 

Schulman, T. Zhang, A. Bansal, N. Alem, S. Das, V. H. Crespi, M. Terrones and J. M. Redwing, 

ACS Nano, 2019, 13(3), 3341-3352. Copyright (2019) American Chemical Society 
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Clarification of my contribution for this work: Ideas are from both me and Dr. Xiaotian Zhang, the 

MOCVD growth of WSe2 are done by Dr. Xiaotian Zhang, while all TEM imaging and microscopy 

experiment data acquisition and analyses, BN substrate preparation and plasma treatment of the 

surface, Raman and PL measurements and data analyses are done by me.   

3.1 Introduction and Motivation 

The rapid development of device technologies based on 2D TMDs and their 

heterostructures presents increasing demand for synthesis of wafer-scale high quality single crystal 

monolayer and few layer films. To reduce the prevalence of random orientations and high-angle 

grain boundaries, epitaxial growth of TMD domains or films by MOCVD methods has been further 

investigated on various single crystal substrates such as epitaxial graphene,1,2,3 hexagonal boron 

nitride (hBN),4,5 and c-plane sapphire.6 The epitaxial growth of TMDs has been further developed 
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into a wafer-scale process via controlled nucleation and coalescence of a high density of islands 

into a continuous film on c-plane sapphire.7 However, inversion domain boundaries (IDBs) (also 

referred to as mirror twin grain boundaries) were still observed in these films resulting from a 

merging of a mixture of 0º and 180º oriented domains.2,5,7,8 IDBs have been predicted and 

experimentally demonstrated to exhibit metallic character and consequently can serve as 

conducting channels within the monolayer that negatively impact both electrical and optical 

properties.9,10,11,12 In addition, non-uniformities in the optical and transport properties of these TMD 

films arise from steps and surface dangling bonds at the interface between the 2D film and 3D 

substrate.7,13,14 All of these factors negatively impact the properties of coalesced monolayer films 

and also promote undesirable multilayer growth.  

 

In contrast to sapphire, an hBN substrate offers many potential benefits for the epitaxial 

growth of large TMD domains. The basal plane of hBN, in its pristine form, can be considered free 

of steps and dangling bonds and is expected to enable reduced nucleation density and high adatom 

surface diffusivity. The hexagonal crystal structure of hBN makes it compatible for epitaxial 

growth of most 2D TMDs.5,15 In addition, the high dielectric constant and chemically inert surface 

of hBN suppresses scattering from charged impurities and substrate phonons, yielding higher 

mobilities16,17,18 and increased exciton densities19,20 in adjacent TMD monolayers.  

 

Okada et al. first presented the 0º and 180º oriented domains for WS2 grown on hBN via 

PVT,15 followed by Yu et al. who demonstrated the epitaxial growth of MoS2 on hBN via PVT 

showing these two oriented domains in approximately equal number similar to that obtained for 

growth on sapphire.5 However, Fu et al. observed up to 98% preferred orientation for monolayer 

MoS2 domains grown on hBN by molecular beam epitaxy (MBE).21 Subsequent first-principles 
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calculations reported by Zhang et al. proposed that the orientation selectivity originates from 

single-atom vacancies on the hBN surface that act as nucleation sites and break the nearly 

degenerate 0/180º domain orientations.22 Achieving a single preferred orientation of TMD domains 

on hBN is highly desired to reduce the density of IDBs in coalesced epitaxial films, however, little 

is known about the origin and nature of the single atom vacancies in hBN responsible for this 

behavior. In addition, the ability to harness these defects to control both the nucleation density and 

orientation of TMD monolayer domains is highly desired as a pathway to achieve high quality 

single crystal monolayers over large areas via coalescence of individual domains.   

 

In this chapter, we investigate the mechanism of defect-controlled domain alignment of 2D 

TMDs on hBN using a combination of experimental studies and first-principles calculations. The 

results provide experimental evidence that single-atom vacancies in hBN trap W atoms and thereby 

act as nucleation sites that break the symmetry and selectively stabilize a single preferred WSe2 

domain orientation. Subsequent coalescence of the WSe2 domains leads to monolayer films with 

reduced IDBs and enhanced photoluminescence and transport properties thereby demonstrating the 

significant benefits of hBN as a substrate or template layer for TMD epitaxy. 

3.2 Preferential domain orientation and defect control nucleation of WSe2 on BN 

WSe2 monolayer films were grown by a multi-step process in a gas source CVD reactor at 

800 ºC using W(CO)6 and H2Se in a H2 carrier gas.6 Single crystal hBN flakes exfoliated from bulk 

crystals onto c-plane sapphire ((0001) α-Al2O3) were used as substrates. In this case, a short 20 min 

growth time was used to achieve separated WSe2 domains. The WSe2 triangular domains grow 

epitaxially on the mechanically exfoliated hBN surface with only two orientations (Fig. 3-1a), with 
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the majority of the domains (~84%) exhibiting a single orientation, and the remainder inversely 

oriented (Fig. 3-1b). This is different than previous growth outcomes of TMD monolayers on c-

plane sapphire where the epitaxial domains show 0º and 180º oriented domains with nearly equal 

proportion.6,7 To directly inspect the structure of laterally stitched regions, a partially-coalesced 

WSe2 monolayer on an hBN flake was transferred onto a transmission electron microscopy (TEM) 

grid and an area with two types of merging domains – between the same (region A in Fig. 3-1c) 

and inverse (region B) orientations – was identified by scanning TEM (STEM). Figure 3-1d shows 

the high angle annular dark field (HAADF-) STEM image (top) and corresponding inverse fast 

Fourier transform (FFT) image (after selecting only the WSe2 FFT spots, bottom) of region A, 

demonstrating a continuous WSe2 lattice on hBN stitched seamlessly between the two domains 

with the same orientation. In contrast, the HAADF-STEM image (top) and corresponding inverse 

FFT image (bottom) of region B in Fig. 3-1e clearly shows the formation of an IDB between two 

domains with 0º and 180º orientation. An atomic resolution HAADF-STEM image along the IDB 

shows 4|8 ring motifs (Fig. 3-2), consistent with a previous report.8 This demonstrates that the 

density of IDBs can be minimized by maximizing the orientational uniformity of WSe2 on hBN, in 

which case stitching across same-orientation domains would not be troubled by translationally 

offset grain boundaries and would not leave an unclosed gap inaccessible to incoming source 

molecules.  
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Figure 3- 1 (a) AFM image of epitaxial WSe2 domains on hBN. (b) Orientation histogram of 0o and 

180o oriented WSe2 domains on hBN. (c) ADF-STEM image of region with two types of merging 

domains. (d) HAADF-STEM image (top) and corresponding inverse FFT image (bottom) of region 

A in (c) showing no grain boundary formed between two domains with same orientation. (e) 

HAADF-STEM image (top) and corresponding inverse FFT image (bottom) of region B in (c) 

showing inversion domain boundary formed between two domains with 0o and 180o orientation.   

 

First-principle calculations previously carried out for MoS2 growth on hBN suggest the 

preferred orientation arises from single-atom vacancies on the hBN surface that lift the 0/180º 

degeneracy and stabilize one orientation against its inverse.22 In addition, this mechanism also 

offers a pathway to control the nucleation density of TMD domains on the surface.  
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Figure 3- 2 HAADF-STEM image of WSe2 on BN, the anti-phase grain boundary between the 0º 

and 60º domains contains 4|8 rings highlighted in the image. It is noted that a slight sample tilt and 

high contrast are applied in the imaging condition to blur the information of underlying BN and the 

corresponding Moiré patterns between WSe2 and BN, which help identify the WSe2 lattice.  

3.3 Transmission electron microscopy investigation of detect controlled nucleation of 

WSe2/BN heterostacks 

To probe the role of defects in nucleation and orientation, samples were prepared using 

hBN flakes transferred directly onto the TEM grid and then exposed to W species only in the gas 

source CVD system using a 30 s pulse of W(CO)6 at 800 ºC. The defect-assisted nucleation model 

described previously predicts the presence of an interstitial transition metal “glue” atom at the 

single atom vacancies on the hBN surface which controls the nucleation and orientation of the TMD 

on the point defect site.22 The same defect-mediated distinction between 0/180º stacking in WSe2 

calculated from DFT using an 8 × 8 hBN + 6 × 6 WSe2 supercell is 0.90 eV, where the “eclipsed” 

configuration22 (top and side view in Fig. 3-3a) is more stable; the “staggered” configuration22 that 

would nucleate a domain with inverse orientation is unfavorable and suppressed. Compared to Fig. 
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3-3b, which shows the bare ultra-thin hBN flake with surface defects of one kind (VB or VN), the 

HAADF-STEM image after W exposure in Fig. 3-3c shows a single W atom stably trapped on the 

hBN surface at a single vacancy site. Furthermore, direct growth of tiny WSe2 domains on the hBN 

on a TEM grid was carried out under 30 s nucleation and 5 min ripening. In the corresponding 

STEM image shown in Fig. 3-3d, a brighter imaged defect is visible which is consistent with the 

glue W atom between WSe2 and the underlying hBN. The WSe2 domain also has inevitably formed 

defects such as VSe and VSe2. In all of the WSe2 domains examined, the glue W atoms appear within 

3-5 nm of the center of the domain. This offset from the exact domain center likely arises from the 

fact that during the very early stages of growth, the domain may not grow at the same rate in all 

directions due to differences in edge stability and variations in precursor flux. To further test if the 

imaged glue W atoms are interstitials trapped at substrate defects instead of adatoms on top of 

WSe2, we compare the energy landscape of W atoms on WSe2 with typical knock-on energies from 

the imaging electron beam. Using nudged elastic band calculations at the DFT level, the migration 

barrier of a surface W adatom is found to be 0.4 eV (between the ground state at the metal site and 

the metastable state at the hollow site, as shown in Fig. 3-3e); the migration barrier of a W adatom 

between WSe2 and pristine hBN should be similar (according to similar migration barriers for metal 

adatoms on monolayer TMDs and inside bulk TMDs).23 Assuming relativistic binary collisions, 

the 80 keV electron beam can transfer up to 1.0 eV kinetic energy to a W atom, sufficient for a 

surface adatom to hop between lattice sites. In addition, metal atom migration on TMDs has been 

previously reported under similar imaging conditions (80 keV).24 Since hopping events were not 

seen over the duration of 10 min during STEM scanning, the imaged point-defects are unlikely to 

be mobile adatoms or interstitials and are likely trapped interstitials at vacancy sites in the hBN 

substrate. 
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Figure 3- 3 (a) Top and side view of the relaxed DFT structure of a W interstitial atom (red) 

sandwiched between pristine WSe2 and a boron vacancy in hBN. (b) HRTEM images of monolayer 

to multilayer pristine hBN at 80 kV with a monochromated electron source; the intrinsic vacancies 

in BN is mostly VN on the surface, which is also shown at the other side of the step edge. (c) 

HAADF-STEM image of a single W atom trapped at hBN surface after seeding process (30 s of 

W(CO)6 flow at 800 ºC), the overlay on the plot is the corresponding imaging intensity near the 

single W atom. (d) HAADF-STEM image of a brighter imaged defect indicating the glue W atom 

between WSe2 and the underlying BN (red, top right). The WSe2 domain also has inevitably formed 

defects such as VSe and VSe2 (green, bottom right). (e) The migration barrier of a W adatom on a 

WSe2 surface between the ground state at the (Metal) site and the metastable state at the (Hollow) 

site is 0.4 eV from a nudged elastic band calculation. 

3.4 Coalesce WSe2 monolayer film formation via defect formation and annealing. 

 

The fact that WSe2 nucleation is determined by point defects on the hBN surface motivates 

a defect-assisted growth mechanism for vdW epitaxy whereby the nucleation density can be 

controlled by manipulating surface defect density. In order to test this, He plasma treatment at a 

power energy of 50 W was employed to intentionally introduce surface defects on the hBN/sapphire 

substrates. Figure 3-4a shows the SEM images of WSe2 grown with 30 s nucleation and 10 min 

ripening on pristine hBN, hBN treated by 1 s He plasma, and hBN treated by 15 s He plasma, 
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respectively. The short 1 s plasma treatment has already created a large number of defects on the 

hBN surface that significantly increases the WSe2 domain density while still maintaining the 

epitaxial growth. Similarly, STEM results also show a consistently increasing density of glue atoms 

trapped at the defective surface which act as seeding sites (Fig. 3-5). Note that W atoms are always 

trapped at one set of BN lattices where either VB or VN forms, supporting the result of the single 

preferred orientation growth of WSe2 domains. The WSe2 domains also start losing the character 

of single preferred orientation after the 1 s plasma treatment, possibly because both B and N single 

atom vacancies were created simultaneously during the plasma treatment. Longer plasma treatment 

can further increase the nucleation density but also heavily damages the hBN surface and introduces 

other structural defects that results in island growth (multilayer domains) and loss of epitaxy (Fig. 

3-4) 
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.  

Figure 3- 4 (a) SEM images from left to right showing WSe2 grown on pristine hBN, hBN treated 

by 1 s He plasma at 50 W, and hBN treated by 15 s He plasma at 50W respectively. (b) SEM images 

from left to right showing WSe2 grown on hBN annealed in NH3 at 1100 ºC for 30 min, hBN first 

treated by 1 s He plasma at 50 W then annealed in NH3 at 1100 ºC for 30 min, and hBN first treated 

by 5 s He plasma at 50W then annealed in NH3 at 1100  ºC  for 30 min respectively. (c) Measured 

percentage of major domain orientation of WSe2 domains grown on hBN surfaces under different 

treatment. (d) Measured nucleation density of WSe2 domains grown on hBN surfaces under 

different treatment. 

 

In order to controllably create single atom vacancies of only one element, the plasma 

treated hBN surfaces were further annealed in NH3 at 1100 ºC for 30 min to reduce the 

concentration of N single atom vacancies. In this case, most of the N vacancies should be healed 

and B vacancies should be the majority on the hBN surface. Figure 3-4b shows SEM images of 
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WSe2 grown with 30 s nucleation and 10 min ripening on three types of hBN: hBN annealed in 

NH3, hBN first treated by 1 s He plasma at 50 W then annealed in NH3, and hBN first treated by 5 

s He plasma at 50W then annealed in NH3. All annealing processes were performed at 1100 ºC for 

30 min. When compared to WSe2 grown on pristine hBN, both domain density and percentage of 

major domain orientation decrease for WSe2 grown on the NH3 annealed hBN surface (Figs. 3-4c 

and d). Native B and N vacancies should exist on pristine hBN while N single atom vacancies are 

expected to be the major native defects due to their lower formation energy.25,26 By healing most 

of N vacancies during the NH3 annealing, the total single atom vacancy density decreases, resulting 

in a decreased density of WSe2 domains. However, not all N vacancies are expected to be healed 

and some N vacancies can even reform under the high temperature (800 ºC) and H2-rich 

environment during the WSe2 growth process. In this case, the similar density of N and B vacancies 

results in the inverse orientations and thus decreases the percentage of major domain orientation. It 

is also possible that N antisite defects (N sitting on B vacancy) could form under NH3 annealing, 

however we do not observe a distinctive peak at ~ 623 nm in the room temperature 

photoluminescence spectra of the NH3 annealed WSe2/hBN sample which is associated with 

antisite defects.27 Consequently, the decrease in nucleation density is likely not related to a decrease 

in B vacancies via formation of antisite defects during the NH3 annealing process.  
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Figure 3- 5 HAADF-STEM image of W and Se atoms trapped at hBN surface after growth process 

(with 5 s He plasma treated BN substrate), the overlay plots are the corresponding imaging intensity 

near the single W (blue) and Se (orange) atoms; respectively. A large number of single atoms can 

be trapped at the defective surface and act as seeding sites for WSe2 growth on BN. It is clearly 

shown in the image that W and Se trapped atoms can be simply distinguished by intensity due to 

Z-contrast imaging mechanism in STEM. We also notice that the W always trap at one set of lattices 

(either VB or VN) and Se always trap at the other. Such selectivity leads to the preferred orientation 

growth of WSe2 domains.  

 

In comparison, on the hBN surface that was first treated by 1 s He plasma then annealed in 

NH3, both domain density and the percentage of major domain orientation WSe2 increase due to 

the additional B single atom vacancies formed at the hBN surface from the plasma treatment (Figs. 

3-4c and d). By further increasing the plasma treatment time to 5 s, a 95% major orientation (Fig. 

3-4c) and ~0.9 μm-2 domain density can be achieved. Ideally, 100% single orientation can be 

approached by further removing steps, wrinkles and other defects in the hBN and suppressing N 

vacancy formation with in-situ NH3 annealing. This defect-assisted nucleation introduces a useful 

way to control both the density and orientation of nuclei when establishing vdW epitaxial growth. 
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The growth rate of the WSe2 domains on hBN can be determined for a particular set of growth 

conditions by varying the lateral growth time. The area of individual WSe2 domains (Fig. 3-6a) and 

the overall surface coverage of WSe2 (Fig. 3-6b) increase linearly as the lateral growth time is 

varied from 10, 15, 30, 60 to 90 min. This indicates that the precursors likely contribute to lateral 

growth of existing monolayer domains, rather than nucleating new domains.  

 

Figure 3- 6 (a) WSe2 monolayer domain area on hBN as a function of lateral growth time. The 

slope shows a linear growth rate of 7.5 × 103 nm2/min. (b) WSe2 monolayer coverage on hBN as a 

function of lateral growth time. The slope shows a linear growth rate of 0.58 %/min. (c) SEM image 

of coalesced monolayer WSe2 film on hBN. (d) Atomic resolution HAADF-STEM image showing 

the Moiré pattern of WSe2 on hBN. (e) SAED pattern showing the epitaxial relationship between 

WSe2 and hBN. (f) Schematic illustrating 3 × 3 WSe2 unit cells on 4 × 4 hBN. (g) Cross-sectional 

HRTEM image of the WSe2 film on hBN showing a clear WSe2 and hBN interface. (h) Intensity 

profile of the red dot line in (e) showing the interlayer spacing of hBN-hBN, hBN-WSe2, and WSe2-

WSe2 are 0.33 nm, 0.49 nm, and 0.67 nm respectively. 

 

With appropriate nucleation density of WSe2 achieved by plasma treatment and NH3 

annealing on hBN, continued lateral growth of the initial domains eventually leads to coalescence 

into a continuous monolayer film. Figure 3-6c shows a SEM image of a fully coalesced monolayer 

WSe2 film on an hBN flake. The dark triangular domains in Fig. 3-6c are additional bilayer domains 

of WSe2. These bilayer domains possibly arise from additional nucleation at intrinsic defects in the 
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WSe2 monolayer. Figure 3-6d shows an atomic resolution HAADF-STEM image of WSe2 on hBN. 

The Moiré patterns of the WSe2/hBN region and the hexagonal crystal structure of the hBN-only 

region at the edge indicate an epitaxial growth of monolayer WSe2 on hBN. The selected area 

electron diffraction (SAED) pattern of the film shown in Fig. 3-6e identifies the in-plane epitaxial 

relationship as (11̅00) WSe2 || (11̅00) hBN with 0° misorientation. Based on the Moiré patterns and 

the lattice constants of WSe2 and hBN, the mismatch can be reduced to 1.5% for 3 × 3 WSe2 unit 

cells on 4 × 4 hBN (schematic in Fig. 3-6f).  

 

Cross-sectional TEM was also performed on a coalesced WSe2/hBN sample to further 

understand the interface between WSe2 and hBN. A region that contained a tri-layer domain of 

WSe2 was selected to clearly distinguish the interlayer spacing. In Fig. 3-6g, the regions of hBN, 

WSe2, and the carbon protection layer can be distinguished by the crystal structure and interlayer 

distance. The first layer of WSe2 shows the highest intensity since it is a fully coalesced monolayer 

that spans the entire sample thickness while the second and third layers which are from a portion 

of an isolated domain have lower intensity. A clear and sharp interface between WSe2 and hBN 

indicates vdW epitaxy occurs with no additional passivating layer. This is different than growth of 

WSe2 on sapphire where an extra Se passivating layer and strong WSe2-substrate bonding at step 

edges on the sapphire surface were found.31 In addition, a variation of interlayer distance at the 

WSe2/hBN interface was also observed. Figure 3-6h depicts the intensity profile of the red dot line 

section in Fig. 3-6g. Based on the intensity profile, the interlayer spacing of hBN-hBN and WSe2-

WSe2 were measured as 0.33 nm and 0.67 nm, respectively. The spacing between WSe2/hBN, 

however, was measured as 0.49 nm, which is nearly identical to the arithmetic mean of the hBN-

hBN and WSe2-WSe2 spacings. This is consistent with the 0.51 nm hBN-WSe2 spacing calculated 

from DFT.28,29  
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3.5 Optical and electronic properties of Coalesced WSe2 monolayer films on BN 

 

Photoluminescence spectroscopy is an effective way to optically probe exciton-related 

emission and defect states in semiconducting TMDs.30,31 Figure 3-7a shows the PL spectra of 

coalesced WSe2/hBN/sapphire and WSe2/sapphire samples grown under identical conditions using 

the same power of 488 nm laser excitation. The results show an over 50 × enhancement in PL 

response for WSe2/hBN compared to WSe2/sapphire. In addition, the 1.65 eV PL peak position is 

uniform across the 5 × 5 m measured area from the WSe2/hBN as shown in Fig. 3-7b. In contrast, 

the PL peak position varied from 1.58 eV to 1.64 eV across the WSe2/sapphire sample. This 

improvement can be attributed to the screening effect of the hBN substrate which suppresses the 

effects of charged impurities and substrate phonons thereby preserving the intrinsic properties of 

WSe2.13,32,33 In comparison, the WSe2 film on sapphire is affected by several factors including strain 

and substrate steps, which lead to non-uniformity in PL peak position and a decrease in PL intensity. 

    

To further investigate and compare the optical properties of monolayer WSe2/hBN and 

WSe2/sapphire, we acquired a series of temperature-dependent PL spectra from 300 K to 80 K 

(Figs. 3-7c and d, respectively). At higher temperature (above 200 K for WSe2/hBN, and above 

240 K for WSe2/sapphire), the PL spectra exhibit a symmetrical single-peak, indicating the 

dominance of neutral exciton (X0) emission in the higher temperature regime.34 With the decrease 

of temperature, a low-energy shoulder emerges in the PL spectra for both samples, which can be 

assigned as negative trion (X-) emission with a trion binding energy (EX-) ~ 30 meV. Remarkably, 

in the case of WSe2/hBN, the X0 and X- peaks significantly sharpen and enhance at low 
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temperatures, resulting in clearly resolved exciton emission (FWHM = 18.6 meV) and trion 

emission (FWHM = 38.5 meV) at 80 K (Fig. 3-8). The FWHM values of both the exciton and trion 

emission are comparable to the emission spectra at 77 K30 and 4 K35 reported for WSe2/hBN 

heterostructures formed by exfoliation from bulk single crystals. This indicates that the optical 

properties of monolayer WSe2 grown by gas source CVD on hBN in this work are comparable to 

that of single crystal flakes, especially considering that the reported samples either consisted of 

WSe2 encapsulated in between two hBN flakes (removing the impact of the environment)51 or were 

characterized at lower temperature (further reducing linewidth broadening by reducing phonon 

scattering).35,36 In addition, no obvious defect-bound exciton (XB) emission was observed in the 

monolayer WSe2/hBN sample, indicating that the crystalline quality of WSe2 was high when 

compared to other CVD processes.30  
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Figure 3- 7 (a) PL spectra showing an over 50 × enhancement in intensity for WSe2/hBN compared 

to WSe2/sapphire. (b)5 µm × 5 µm PL maps of coalesced WSe2/hBN showing a uniform PL peak 

position at 1.65 eV (top) compared to varied peak positions ranging from 1.58-1.64 eV for 

coalesced WSe2/sapphire (bottom). (c)-(d) Temperature-dependent PL spectra of WSe2/hBN and 

WSe2/sapphire under 488 nm laser excitation, respectively. The measured temperature ranges for 

both samples are from 80 K to 300 K. (e)-(f) Plots of fitted PL emission peak energy of WSe2/hBN 

and WSe2/sapphire versus temperature, respectively. 

 

In contrast, the WSe2 film grown on sapphire exhibits broader PL emission at temperatures 

ranging from 80 K to 300 K. A broad XB peak emerges in WSe2/sapphire at temperatures below 

160 K, causing the asymmetrical line-shape of PL emission. The fitting results of temperature-

dependent PL emission peak position for both samples are plotted in Figs. 3-7e and f, which also 

indicate the consistent X0 and X- emissions of WSe2 on hBN at different temperatures, and the 

emergence of XB emissions from WSe2 on sapphire at low temperature.  

 

Figure 3- 8 Deconvoluted PL spectra of WSe2/hBN and WSe2/sapphire at 80 K. The deconvoluted 

spectra were acquired by performing multipeak Lorentzian fitting using three peak components: 

neutral exciton (X0), trion (X-) and defect-bound exciton (XB).  
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The narrower PL linewidths and negligible XB emission for WSe2/hBN compared to 

WSe2/sapphire may be attributed to two factors: (1) The direct synthesis on the atomically-flat hBN 

surface which leads to a higher crystal quality monolayer WSe2 film that contains less defects and 

IDBs, thus decreasing emission from optically-active defect states; and (2) WSe2 grown on sapphire 

suffers from the substrate-induced charge doping,36 which leads to the inhomogeneous broadening 

of excitonic emissions. By in-situ synthesizing WSe2 on hBN, the interaction between charged 

sapphire and WSe2 can be isolated by the hBN flake, allowing access to the intrinsic optical quality 

of as-grown WSe2 films.37,38 

 

Figure 3- 9 Electrical FET characterization of transferred WSe2 and transferred WSe2/hBN on 

SiO2/p++ Si. Schematic showing a back gated WSe2 FETs (a) directly on 100 nm SiO2 and (d) on 

10 nm hBN on 100 nm SiO2 on p++ Si with Ni contacts. (b, e) Drain current (IDS) versus back gate 

voltage (VBG) at various drain voltages (VDS) with step of 0.2 V and (c, f) IDS versus VDS at various 

VBG with step of 2.5 V for WSe2 on SiO2 and on hBN/SiO2, respectively.  

 

To characterize the electrical properties of both the WSe2 grown on sapphire and on hBN, 

the films were removed from the sapphire substrates and transferred onto 100 nm SiO2 on p++ Si 
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substrates. Back gated FETs (BGFETs) with a channel length (LCH) of 1 µm and width (W) of 5 

µm were fabricated as shown schematically in Figs. 3-9a and d, respectively. Note that for the 

growth on hBN, the entire WSe2/hBN stack was subsequently transferred. In this case, the hBN 

thickness has been verified as ~10 nm by AFM. Figure 3-9b and e, show the transfer characteristics 

i.e. drain current (IDS) versus back gate voltage (VBG) for different drain voltages (VDS) and Figs. 

3-9c and f show the output characteristics i.e. IDS versus VDS for different VBG for BGFETs based 

on WSe2 grown on sapphire and hBN, respectively. Clearly, ambipolar transport i.e. the presence 

of a prominent electron branch current for VBG > 0 V and hole branch current for VBG < 0 V are 

observed for BGFETs based on WSe2 grown on sapphire as seen in Fig. 3-9b. This ambipolar 

transport is a result of the contact metal (in this case Ni) Fermi level being pinned near the center 

of the WSe2 bandgap allowing injection of electrons and holes into the conduction and the valence 

band, respectively, through the corresponding Schottky barriers.39 However, since carriers must 

tunnel through relatively large Schottky barrier heights which are almost half the bandgap energy 

of WSe2, the corresponding contact resistances for both electron and hole injections are large, 

limiting the ON state current as seen in the rectifying type behavior in Figure 7b. The field effect 

mobility extracted in the ON state from the peak transconductance, 𝜇𝐹𝐸 =
𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆

𝐿𝐶𝐻

𝐶𝐺 𝑊 𝑉𝐷𝑆
, is severely 

underestimated in devices with Schottky barrier contacts.40 For WSe2 grown on sapphire, a contact 

limited electron µFE of ~0.3 cm2/Vs was extracted (Fig. 3-10a).40 The devices are slightly n-type 

with an electron to hole current ratio of ~100:1 indicative of Ni Fermi level pinning closer to the 

conduction band. Note that although in the literature there are reports of WSe2 FETs with higher 

ON state currents and larger electron and hole µFE, these tend to use contact strategies engineered 

towards achieving primarily n-type or p-type devices at the expense of ambipolar characteristics 

which is achieved with the Ni contacts used in this work.41,42,43 
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Figure 3- 10 Mobility extraction for WSe2 on SiO2 and hBN/SiO2. (a,b) The field effect mobility 

(𝜇𝐹𝐸) versus VBG at VDS = 1.8 V and VDS = -1.8 V for WSe2 on SiO2 and on hBN/SiO2, respectively. 

The mobility is derived from the peak transconductance method where 𝜇𝐹𝐸 =
𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆

𝐿𝐶𝐻

𝐶𝐺 𝑊 𝑉𝐷𝑆
. For 

WSe2 on SiO2, the mobility (𝜇𝐹𝐸  ≈ 0.2 cm2/V-s) is extracted from the reverse sweep direction 

(negative to positive VBG) since interface trap discharging obscures the forward sweep 

characteristics. For WSe2 on hBN/SiO2, the large contact resistance causes the extracted 𝜇𝐹𝐸 to 

decrease when VBG < -43 V. Hence, the peak mobility of 4.2 cm2/V-s is contact limited, 

underestimating the true hole mobility of the material. 

 

For BGFETs based on WSe2 grown on hBN, there is no observable threshold shift, 

confirming the growth on hBN has not induced any significant substrate doping effect. While the 

electron branch currents are similar to those on SiO2, a dramatic 3 orders of magnitude increase in 

the hole branch currents is observed. This cannot be attributed to a simple change in the Fermi level 

pinning since an increase in the hole branch current would be accompanied by a decrease in the 

electron branch current. We hypothesize this hole branch improvement is due to a combination of 

factors. Part of the current increase can be attributed to an increase in the hole mobility, due to both 

a reduction in the IDBs as well as reduced interface scattering from the hBN versus SiO2 interface. 

It is well known that hBN encapsulation of 2D materials improves the mobility, often by orders of 

magnitude, and reduces the interface states which can cause device hysteresis and degraded 

subthreshold slopes. 44,45,46 Second, since the WSe2 is monolayer, the hBN substrate may influence 



70 

 

how the WSe2 hybridizes with the Ni contact in such a way that hole injection has been facilitated. 

The charge injection from the contact into the WSe2 can occur through a combination of many 

mechanisms and strongly depends on interface with the metal contact.47 We notice these results are 

contrary to recent reports which show devices on hBN have reduced hole branch currents compared 

to on SiO2.48 The hole µFE extracted from these devices was 4.2 cm2/V-s (Fig. 3-10b); however, this 

is likely contact limited since the IDS versus VDS characteristics in Fig. 3-9f show rectifying type 

behavior.40 These results demonstrate that WSe2 growth on hBN is an effective means to improve 

the hole transport characteristics and tune FET devices to be ambipolar or p-type.  

3.6 Chapter Summary  

In this chapter, we demonstrated a defect-controlled nucleation and orientation process for 

controllable epitaxial growth of single crystal WSe2 monolayers on single crystal hBN flakes. By 

appropriate plasma treatment and NH3 annealing, the density of single atom vacancies on the hBN 

surface, and consequently the nucleation density of single oriented WSe2, can be controlled. The 

mechanism of this defect-controlled 2D heterostructure growth was investigated through first 

principles calculations and TEM characterization. A single crystal monolayer film was eventually 

achieved via coalescence of the initial domains with extended growth time. PL and electrical 

measurements show enhanced optical and transport properties, respectively, for the monolayer 

WSe2 film grown on hBN compared to sapphire. Considering that wafer-scale single crystalline 

hBN has recently been demonstrated through a CVD method employing a liquid gold substrate,49 

our results clearly show the potential of hBN as a substrate or template layer for epitaxial growth 

of high quality single crystal monolayer TMD films.   
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Chapter 4 

 

Enhancing the Superconducting Transition Temperature of Molybdenum 

Carbide via the Formation of Carbide/Disulfide Heterostacks   

This work was mainly supported by the Basic Office of Science of the Department of 

Energy under award DE-SC0018025. 

4.1 Introduction and Motivation 

2D superconductivity is now emerging as a scientific frontier addressing a number of 

unanswered questions, such as the disparate evolution of the superconducting transition 

temperature as a function of the number of layers and different stackings within different 

compounds.1,2 It is interesting to notice that the different phases of molybdenum carbide, that is the 

, , and  phases were recently predicted to display topologically non-trivial electronic bulk bands 

that lead to unconventional topological surface states.3,4 These bulk and related surface states could 

be harvested to induce unconventional superconductivity through the proximity effect5 with a 

superconductor such as -Mo2C. Moreover, nearly 2D transition metal carbides (TMCs) crystals, 

such as α-phase Mo2C, have been recently synthesized via chemical vapor deposition (CVD). As-

grown high quality 2D α-Mo2C displays thickness dependent superconducting transition 

temperatures (TC) up to 4K. Therefore, metal carbides stand as promising parent materials for 

studying the intrinsic properties of superconductivity in two dimensions.6 
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Multiple phases are observed in molybdenum carbide, as identified through their 

crystallographic structures (orthorhombic α-phase, hexagonal η-phase and a cubic δ-phase), their 

Mo:C composition ratios (α-Mo2C, γ’-MoC1-x, γ-MoC, and -MoC), and by the observed order or 

disorder related to interstitial carbon atoms within the Mo metal matrix (α- and β-phase Mo2C).7 

The different phases display distinct superconducting properties, which open up the possibility of 

manipulating the superconductivity in carbide systems via phase-transitions or fabrication of 

vertical carbide heterostructures with inducing strain and different stack rotations. Multilayer 

WxMo1-xCyS2 has already been synthesized through mixing, oxidation and sulfurization of mixtures 

of Mo and WC at high temperatures (800-1100 °C) by Terrones et al. in 2000.8 Consequently, these 

multilayer systems offer the possibility of tuning their superconductivity properties via sulfur 

incorporation.  

4.2 CVD synthesis of 2D α-Mo2C flakes 

In this chapter, we report the synthesis of layered molybdenum carbide/sulfide vertical 

heterostructures, through a two-step approach, involving the CVD growth of thin α-Mo2C, and low-

pressure sulfurization treatments at high temperature (details in Chapter 2 Experimental Section).6 

2D Mo2C domains were grown by atmosphere pressure CVD directly on the molten Cu substrate 

as reported.9 The resulting morphology is shown in the optical image in Fig. 4-1a, different regular 

shapes (a large portion is hexagon) with lateral sizes around 20 μm can be formed on top of the Cu 

surface. 
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The Mo2C lateral size, thickness and coverage can be controlled by tuning the experimental 

protocols such as methane flow rate, growth temperature and time (the Mo2C lateral size, thickness 

and coverage as the function of growth time are discussed in Fig. 4-2). The cross-section TEM 

image of the interface between Mo2C and Cu (Fig. 4-1b) clearly shows that the as-grown Mo2C 

were embedded in-situ within the molten copper surface, and the rapid cooling concreted the whole 

Figure 4- 1 (a) Optical image of 2D Mo2C domains grown on Cu (inset shows picture of the molten 

Cu foil on Mo foil after the growth). (b) TEM characterization of as-grown Mo2C crystals through 

a cross-sectional TEM image of the Mo2C. The thickness is around 20nm. (c) TEM image from a 

perspective perpendicular to the plane. Inset: SAED of the α-Mo2C (red). (d) HAADF-STEM image 

showing a cross-sectional and (e) a planar view of α-Mo2C crystals revealing the lattice spacing.  
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structure, the thickness of the as-grown Mo2C is around 20 nm for 15 minutes growth at 1090. 

Atomic resolution high angle annular dark field scanning TEM (HAADF-STEM) image of the 

(001) cross-section of a Mo2C domain shows that it displays an atomic-flat surface with an 

interlayer spacing of ~0.23nm.  

 

 

We also found there were simultaneous growth of graphene when Mo2C crystals formed 

(Figs. 4-3a and b), such phenomenon are reported in the recent literatures due to higher methane 

flow (higher than 1sccm).10,11 Graphene around the Mo2C crystals is indicated by the electron 

diffraction patterns (Fig. 4-3c). The elemental fingerprints of Mo2C and graphene are also shown 

by electron energy loss spectroscopy (EELS) in Figs. 4-3d and e. As-grown Mo2C/graphene 

heterostructures show great potentials in hydrogen evolution reaction (HER) catalysis10 and 

superconductivity11 applications. 

Figure 4- 2 The lateral size, thickness and coverage of pristine 2D Mo2C with different synthesis 

time (3, 5, 10, 15, 30, 45 and 60 min, respectively) (a)-(c) Optical images of 2D Mo2C on Cu with 

growth time of 5, 15 and 45 minutes, respectively; Plots of (d) The lateral size, (e) flake thickness 

and (f) surface coverage of pristine 2D Mo2C with different synthesis time. It is noted that the 

thickness measurement is done by cross-sectional TEM samples (sample preparation is on the 

averaged size flake on different growth time).   



81 

 

 

 

The obtained morphologies for the initial α-Mo2C flakes are shown in the scanning electron 

microscopy (SEM) image inset in Fig. 4-4a and in the optical image in Fig. 4-1a. α-Mo2C crystals 

exhibit different faceted shapes (frequently hexagonal) with lateral sizes of around 20 μm. X-ray 

diffraction (XRD) studies were conducted to identify the phase and orientation of the synthesized 

material (Fig. 4-4c), which was confirmed as α-Mo2C, which has an orthorhombic crystalline lattice 

with the Mo atoms positioned in a slightly distorted HCP arrangement. The α-Mo2C crystals 

preferentially grew along the (200) direction (corresponding to the peak at 38.1°). In addition, the 

small diffraction shoulder peak next to (200) and the small peak located at 47.8° in the pattern 

correspond to (001) and (201) orientations of α-Mo2C, respectively.12  

Figure 4- 3 Simultaneous formation of graphene during Mo2C synthesis. (a) Optical image of 

graphene/Mo2C assembly transferred onto SiO2/Si, the contrast indicates graphene around Mo2C 

crystals; (b) Raman of defective graphene formed around Mo2C, the ratio of I2D/IG indicates the 

monolayer nature of the graphene, the emergence of D peak reveals the defects on the graphene; 

(c) Low magnification TEM image of freestanding graphene/Mo2C assembly, inset shows the 

SAED of defective graphene; (d) and (e) EELS edge of as-prepared Mo2C crystal (from red-circled 

region in (c)) and defective graphene (from blue-circled region in (c)), respectively.  
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Figure 4- 4 Characterization of α-Mo2C and molybdenum carbide/disulfide heterostructures. STM 

images of crystals (insets depict SEM) of as grown α-Mo2C (a) and a molybdenum carbide/disulfide 

heterostructure (b) obtained after a 5 min H2S treatment of Mo2C. XRD patterns (c, d) and Raman 

spectra (e, f) of pristine Mo2C and a molybdenum carbide/disulfide heterostructure on Si/SiO2, 

respectively. g-h, Representative XPS Mo 3d high resolution line scans obtained from the structures 

depicted in (a) and (b), respectively.  
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X-ray photoelectron spectroscopy (XPS) analyses were used to further investigate the 

chemical composition and valence states in the material. The Mo 3d line scan of pristine Mo2C 

shown in Fig. 4-4g is dominated by molybdenum carbide (MoCx), oxide (MoO3 at 232.5 eV and 

235.6 eV, MoO2 at 229.1 eV and 232.3 eV) and oxycarbide (MoOxCy) signals.13 Doublets of MoO3 

(Mo6+) and MoO2 (Mo4+) can be observed due to surface oxidation. The doublets appear at 227.5 

and 231.1 eV, corresponding to Mo2+ 3d5/2 and Mo2+ 3d3/2 of α-Mo2C, respectively.14 The crystalline 

structure of the as-grown Mo2C was also confirmed to be the α-phase, by analyzing planar TEM 

images (Fig. 4-1), lateral atomic resolution scanning transmission microscopy images (Fig. 4-1e) 

and selected area diffraction patterns (SAED, Fig. 4-1c) of the α-Mo2C. The ordered carbons that 

fill in the octahedral voids10, are responsible for the formation of superlattices15 (associated Bragg 

peaks are indicated by the red-arrows in Fig. 4-1c). Additional SAED patterns and electron energy 

loss spectroscopy (EELS) analyses can be found in Fig. 4-3, all data in good agreement with the 

determined α-Mo2C phase.  

 

We also observe some stacking faults occurring during the high temperature growth and 

during the postgrowth rapid cooling of the Mo2C, as indicated in Figs. 4-1b and d (also in the planar 

view in Figs. 4-5c and d). Such stacking faults were also reported for CVD grown and plasma-

enhanced pulsed-laser deposited single-crystalline Mo2C films16,17. Stacking faults affect the 

termination of the Mo2C surface perpendicular to the (200) direction making it possible to stabilize 

the orthorhombic phase of Mo2C in the 2D limit. It is believed that the stacking faults affect the 

termination of the Mo2C surface vertical to (200) direction and make the orthorhombic Mo2C 

possible 2D limit, and provide active site besides surface for sulfur incorporation. 
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4.3 Formation of molybdenum carbide/disulfide heterostack 

The synthesis method of molybdenum carbide/disulfide heterolayers is described detailed 

in Chapter 2, the as-prepared heterolayers (Fig. 4-4b) created superlattices with well-defined moiré 

patterns, which were identified by atomic resolution STM. Figure 1b shows a lattice overlap 

between MoS2 and molybdenum carbide with a 0° stacking angle (see also Fig. 4-6).  

Figure 4- 5 Stacking faults in the CVD synthesized 2D α-Mo2C crystal. (a) and (b) Cross-sectional 

TEM image of 2D α-Mo2C crystal on copper, the contrast difference in parallel to the surface 

indicates the stacking faults; (c) and (d) Planar-view TEM image of freestanding 2D α-Mo2C 

crystal, stacking faults can be distinguished by diffraction contrast.  
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XRD analyses (Fig. 4-4d) confirm the 2H-MoS2 formation (~14.1° peak in Fig. 1d 

corresponding to the (002) plane of MoS2) and provide evidence of a phase transition experienced 

by the molybdenum carbide. We noted that the original Mo2C in the α-phase (orthorhombic) is 

transformed to MoC γ-phase (hexagonal, with a AAAA stacking sequence), as indicated by the 

emergence of a reflection located at 33.0°, which corresponds to the (001) plane of γ-MoC. The α-

phase (Mo2C) and γ-phase (MoC) are the only two thermodynamically stable phases of 

molybdenum carbide at room temperature, according to the Mo-C phase-diagram.18 However, the 

formation of a ternary intermediate carbide phase molybdenum-carbon-sulfur may stabilize the 

metastable γ’-phase MoC1-x.7 Similar to the γ-MoC phase, the sub-stoichiometric γ’-MoC1-x phase 

also crystallizes in a hexagonal structure but with a slightly different stacking in the Mo matrix and 

distinct carbon occupancies (hexagonal, AABB stacking sequence).19 It is noteworthy that such a 

phase transition does not happen through a simple annealing of the α-Mo2C phase at high 

temperature (XRD shown in Fig. 4-7). It is believed that sulfur incorporation can form ternary solid 

solutions based on Mo-C-S, while excessive chalcogen and internal strain would trigger phase 

Figure 4- 6 Moiré pattern at MoS2/carbide heterostacks fitted by schematics and STM image. 



86 

 

segregation between the carbide and the disulfide. Sulfur will consequently extract the Mo atoms 

from α-Mo2C, thus leading to the Mo:C atomic ratio gradually decreasing from 2:1 to 1:1, and 

resulting in the α-γ’-γ phase transitions, responsible of forming the MoC/MoS2 vertical 

heterostructures. The MoC1-x phase (γ’) was reported to display higher Debye temperatures and a 

stronger electron-phonon coupling when compared to the α-Mo2C phase, which could lead to a 

higher superconducting transition temperature.20,21 In fact, an increase in Tc is indeed observed in 

the carbide upon sulfur incorporation, as described by the detailed measurements shown below. 

 

  

XPS analysis carried out in molybdenum carbide/disulfide vertical heterostructures (Fig. 

4-4h) exhibits peaks corresponding to binding energies of molybdenum carbide (MoCx) and also 

oxides (MoO2 and MoO3). Additionally, the spectrum displays a small bump located at 226.4 eV, 

which is associated to elemental S in the 2s region after a short sulfurization time. Moreover, the 

characteristic doublet peaks at 228.7 eV and 232.0 eV (Fig. 4-4h) correspond to the Mo4+ 3d5/2 and 

Mo4+ 3d3/2 binding energies of MoS2, respectively. In the S 2p line scan (Fig. 4-8), the doublet 162 

and 163.2 eV peaks are found, corresponding to 2p3/2 and 2p1/2, respectively. Their energy 

Figure 4- 7 XRD plots of (a) 2D α-Mo2C crystals transferred onto Si/SiO2 substrate and (b) after 

annealing at 800℃ for 30 minutes in vacuum. Results support that no phase transition is triggered 

by high temperature annealing.   
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separation is ~1.2 eV, which is consistent with the fingerprint of S2− in MoS2.13 Raman spectra 

demonstrate the emergence of the two main peaks identified as the 2H-MoS2 E1
2g and the A1g 

phonon modes, after sulfurization of α-Mo2C (Figs. 4-4e and 1f). The frequency difference between 

these two phonon modes is ∆k ~ 23 cm-1 in the spectra obtained from heterostructures after a 5 min 

sulfurization, thus indicating the presence few layers of MoS2 (which is confirmed in Fig. 4-9g).  

 

 

Sulfurization treatments performed on thin α-Mo2C during different times lead to different 

vertical heterostructures with various crystallographic correspondences between carbide and 

sulfide. Crystallographic phase’s schematics and corresponding cross-sectional TEM images of α-

Mo2C and various synthesized heterostructures (obtained after 1 min, 5 min and 20 min 

sulfurization) are depicted in Fig. 4-9. The α-Mo2C HAADF-STEM images display an atomically 

flat surface with an interlayer spacing of ~0.23 nm (Figs. 4-9e, 4-1b and 4-1d). High resolution 

TEM images revealed the presence of the metastable γ’-MoC1-x stacked together with α-Mo2C 

(Figs. 4-9b and f). γ’-MoC1-x is possibly stabilized by a thin layer of sulfur. The carbide surface 

was found to be covered by a single-layer of MoS2 after a 5 min-sulfurization treatment (Figs. 4-9c 

and g) exhibiting a mixture of γ’(γ) and α phases underneath. The stacking between MoS2 and 

molybdenum carbide phases create the moiré pattern exhibited in Fig. 4-4b.  

Figure 4- 8 XPS spectra of S 2p obtained from MoS2/carbide heterostructures (@H2S 5 min). 
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Elemental EDS mapping results of the cross-sectional interface were acquired slice-by-

slice, providing compositional information (Fig. 4-10). The elemental mappings clearly revealed 

that the Mo:C ratio gradually decreases from 2:1 to 1:1 while moving towards the side of the carbide 

Figure 4- 9 TEM analyses of the molybdenum carbide/disulfide. a-d, Crystallographic phase’s 

schematics of α-Mo2C (a) and molybdenum carbide/disulfide heterostructures in the cross-sectional 

view (H2S treatment of 1 min, (b); 5 min (c); and 20 min (d)). e, Cross sectional HAADF-STEM 

images of pristine Mo2C (e) and (f)-(h) HRTEM images of molybdenum carbide/sulfide 

heterostructures after 1 min, 5 min and 20 min sulfurization, respectively; atomic resolution TEM 

images reveal the phase transitions induced by the sulfurization process (see insets). Planar view 

SAED analyses of pristine Mo2C (i) and molybdenum carbide/sulfide heterostructures for H2S 

reaction times of 1 min (j), 5 min (k) and 20 min (l).  
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exposed to sulfur, indicating a phase transition induced by the chalcogen incorporation. 

Heterostructure interfaces plays a crucial role in the electronic and catalytical property of the hybrid 

materials.22  

 

 

 High resolution TEM images of samples obtained after 20 min of H2S treatment, display 

10-15 layers of MoS2 forming a heterostructure with the γ-MoC (Figs. 4-9d, h, l). The HRTEM 

image of the interface at the MoS2/carbide heterostructure (@ 20min sulfurization) with the 

intensity profile plotted in Fig. 4-11. The measured interlayer distance of MoS2 is ~0.67 nm, in 

good agreement with a previously reported value.23 The carbide interlayer spacing changes from 

0.23 nm (as-grown α-Mo2C) to 0.28 nm, corresponding to the γ-MoC (001) interplanar distance, 

which also is in good agreement with the XRD results in Fig. 1d. The interface between MoSe2 and 

γ-MoC was measured as ~ 0.58 nm, which is slightly larger than the distance between TMD 

materials vdW epitaxial grown on the 2D BN (~ 0.50 nm) as reported.24 Therefore, we can conclude 

that the thickness of the MoS2 layers is dependent on the H2S treatment time. Moreover, the 

Figure 4- 10 STEM/EDS composition analysis of MoS2/carbide vertical heterostructure (@H2S 5 

min) (a)EDS mapping graph of the heterostructure, the cross-sectional view has been divided into 

nine regions to collect composition information; the elemental composition (atomic percentage) 

analysis results are plotted in (b) including four main elements, Mo, C, S and O; it clearly shows 

that the Mo:C ratio is gradually decrease from 2:1 to 1:1 from the bottom to the top through the 

carbide, which indicates the phase transition during the chalcogen incorporation.  
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disulfide formation does not only happen in the basal plane of the carbide, but it also selectively 

formed through stacking faults at edge sites (Fig. 4-12).25 Such hybrid sulfide stackings hold a great 

promise as catalysts for energy conversion and as Josephson junction assemblies26.  

 

 

The planar-view TEM/SAED patterns of the molybdenum carbide/sulfide stacks as a 

function of sulfurization time are displayed in Figs. 4-9i-l.  A series of shifts can be found in the 

diffraction patterns upon sulfurization, indicating that the α-Mo2C phase (red) undergoes a phase-

transition towards the γ’-MoC1-x phase (blue) and/or γ-MoC phase (green), which exhibit hexagonal 

patterns/rings within a plane perpendicular to the [001] axis. Diffraction rings (indicated by the 

yellow arrow in Fig. 4-9k) result from the formation of a polycrystalline thin film of MoS2. 

Moreover, the diffraction pattern reveals that a large portion of the MoS2 film displays a preferred 

orientation with a nearly 0° misorientation with respect to γ-MoC, thus supporting the epitaxial 

growth of MoS2 on the underlying hexagonal γ-MoC.  

Figure 4- 11 HRTEM image of MoS2/carbide vertical heterostack with multilayer MoS2 covered 

on carbide surface (@H2S 20 min). (a) Zoom-out region of Figure 4-9h; (b) atomic schematics on 

the HRTEM image of the interface at the MoS2/carbide heterostructure with (c) the intensity profile 

plot of measured interlayer spacings. 
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4.4 Growth Mechanism of molybdenum carbide/dichalcogenide heterostructures and 

computational studies at carbide/dichalcogenide interface 

 

Figure 4- 12 (a) HRTEM and (b) HAADF-STEM image of MoS2/carbide vertical heterostructure 

(@H2S 5 min) at crystal edge, dotted-line shows the region of carbide/dichalcogenide interfaces. 

MoS2 not only forms on the basal plane of the carbide, but also form and propagate inside the 

carbide through the stacking faults.  
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To better understand the heteroepitaxial growth of MoS2 on molybdenum carbide, the α-

γ’-γ phase transition, and the sandwiched “quasi-intercalated” heterostructure, we propose a model 

for chalcogen incorporation in 2D molybdenum carbide (Fig. 4-13). When chalcogens are 

incorporated into Mo2C, a ternary solid solution would form between the chalcogen and 

molybdenum carbide. As the chalcogen amount increases, α-Mo2C undergoes the extraction of Mo 

atoms from the orthorhombic structure to stabilize the γ’-MoC1-x (chalcogen stabilized) phase. As 

the incorporation of chalcogen increases, the fraction x drops to zero to form hexagonal MoS2 and 

stable γ-MoC phase. The MoS2 nucleates at the step edges of the (001) surface at the basal plane 

of the γ-MoC, forming in-plane heterostructures with carbide surfaces, while growing along the 

vertical direction with respect to this (001) surface of γ-MoC. Chalcogen incorporation can also 

occur at energetically favorable positions such as defects or stacking faults. As a result, a “quasi-

intercalated” hybrid structure is built through this synthesis method.  

 

Various epitaxial possibilities of heterostructures confining MoS2 inside molybdenum 

carbide layers were studied using DFT calculations. The interfacial structure between γ-MoC and 

MoS2 was predicted to be in two possible stable configurations, which are strained-epitaxial 

heterostructure (Figs. 4-14 a-h) and moiré heterostructure (Fig. 4-14 i-l). The side views of both 

possible vertical heterostructures are overlapped with the HRTEM images in Figs. 4-14b, f, and j. 

The density of states (DOS) of the interfaces between MoS2 and γ-MoC was analyzed to calculate 

the bandgap of each MoS2 layer, and determine the electronic contributions to the adjustment of 

bandgaps (Figs. 4-14d, h, and l). In the strained-epitaxial vertical heterostructure, when one layer 

Figure 4- 13 Growth model schematics of molybdenum carbide/dichalcogenide heterostructures. 

(a) 2D α-Mo2C transferred onto a chalcogen-resistant substrate, (b) chalcogen (sulfur) 

incorporation into Mo2C, and (c) as the chalcogen is  incorporated, the system undergoes phase 

segregation to form hexagonal MoS2 the γ’-MoC1-x (chalcogen stabilized) phase, as x is reduced to 

zero  one stabilizes the  γ-MoC phase. (d) The formation of the sandwiched “quasi-intercalated” 

heterostructure is stabilized by stacking faults.  
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of MoS2 and 6 layers of MoC were stacked (Figs. 4-14 a-d), the MoS2 underwent a -6.5% in 

epitaxial strain with a bandgap of 0.25 eV, which represents a 1.44 eV reduction when compared 

to the bandgap of a relaxed MoS2 monolayer. A comparison between the DFT calculated DOS and 

the experimental dI/dV curve obtained by STS measurements on a MoS2/carbide heterostructure (5 

min-sulfurized) indicates a good agreement in the bandgap of around 250 meV for strained-

epitaxial MoS2 embedded in the carbide (Fig. 4-15). When three layers of MoS2 and six layers of 

MoC were stacked (Figs. 4-14 e-h), the MoS2 layers were under a -5.7% epitaxial strain, and the 

bandgaps of the interfacial layer and middle layer were 0.81 eV and 1.12 eV, respectively. 

However, in moiré heterostructures, the comparable electron densities at the γ-MoC interface and 

between the MoS2 layers, indicate that the atomic interaction is almost the same as the vdW 

interaction between the MoS2 layers (Figs. 4-14 i-l).  
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4.5 Superconducting state in molybdenum carbide/sulfide vertical heterostructures 

We studied the transport properties of pristine -Mo2C, chosen as reference, and of the 

molybdenum carbide/sulfide heterostructure in order to detect superconductivity in the latter. 

Figure 4-16a shows the resistivity as a function of temperature for a 60 nm thick pristine α-Mo2C 

crystal. The inset clearly indicates that the sample becomes superconducting at Tc  4 K, as 

previously reported.6 The finite resistivity observed below Tc results from the physical or electrical 

Figure 4- 14 Electronic properties of different heterostructures. a-d, one-layer MoS2 and γ-MoC in 

a strained-epitaxial state. a, Planar schematic view of the heterostructure. b, Schematic side view 

of the heterostructure overlapped with the TEM image. c, Electron density map corresponding to 

the side view crystal structure shown in (b). d, Density of states (DOS) in s, p and d orbitals at each 

atomic layer corresponding to the side view crystal structure shown in (b). Schematic view, TEM, 

electron density map and DOS of (e)-(h) three-layer MoS2 sandwiched by γ-MoC in a strained- 

epitaxial state and (i-l) three-layer MoS2 sandwiched by γ-MoC, forming a moiré superlattice, 

respectively.  

Figure 4- 15 Comparison between the theoretically DFT calculated density of states and 

experimentally obtained dI/dV curve by STS measurements on MoS2/carbide heterostructure 

sample treated for 5min by H2S. Both the curves show indicate a matching bandgap of around 250 

meV for monolayer strained epitaxial MoS2 on carbide. The STS curve is taken with a set point 

tunneling current of 100pA and sample bias of 300mV. 
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connection between the -Mo2C crystal and the graphene layer resulting from the synthesis process 

(see Fig. 4-3). As seen, the transition is very sharp, displaying a width inferior to 0.2 K. This, 

combined with the low residual resistivity  (4K)  1  cm and the large residual resistivity ratio 

 (300K)/  (4K) = 22, indicates a high quality single-crystal.  

 

Figure 4- 16 Evolution of the superconducting state in molybdenum carbide/sulfide vertical 

heterostructures subjected to different sulfurization times. (a)-(c), Resistivity  as a function of the 

temperature T for pristine α-Mo2C (a) and for molybdenum carbide/sulfide heterostructures 

subjected to5 min (b), and 20 min (c) sulfurization treatments. Insets in (a) and (b) display  as a 

function of T in the low temperature region where the superconducting transitions, starting at Tc = 

4 K and 6 K respectively, become clearly visible. (d)-(f) Temperature dependent  as a function of 

the external magnetic field 0H applied along the inter-layer c-axis for pristine α-Mo2C (d) and 

heterostructures after a 5 min (e) and 20 min (f) sulfurization. Insets in (d) and in (e) show the upper 

critical fields Hc2
c for fields along the c-axis as function of T, where red lines are fits to the 

conventional Ginzburg-Landau expression. Inset in (f) shows the Shubnikov de Haas (SdH) signal 

after subtraction of a background polynomial. (g)-(h) Same as in (d)-(e) but for fields along the ab-

plane. Insets in (g) and in (h) display Hc2
ab for 0H // ab-plane as a function of T. Notice the marked 

anisotropy between fields along the ab-plane and along the c-axis. (i) Fast Fourier transform of the 

oscillatory signal superimposed onto the magnetoresistivity of the MoS2/-MoC heterostructure, 

showing three main peaks at frequencies, F  30 T, F  70 T and F  110 T. 



96 

 

Figures 4-16b and c display  as a function of T for two samples sulfurized for 5 and 20 

minutes (analysis from 1 min sulfurized sample is discussed in Fig. 4-17), respectively. The onset 

of the resistive transition for the sample sulfurized for 5 minutes (thickness ~ 40nm) is T  6 K, 

which is 50 % higher than the onset of the superconducting transition for pristine α-Mo2C. As seen 

in the inset of Fig. 4-16b, the resistive transition reveals multiple steps, indicating an 

inhomogeneous material, or the coexistence of multiple crystallographic phases. The lowest 

resistive step occurs at around 4 K, which corresponds to the Tc of pristine α-Mo2C. Based on our 

structural analysis we argue that the observation of a higher Tc is associated with the ’-MoC1-x 

phase. Figure 4-16c shows the resistivity as a function of temperature for a 40 nm thick MoS2/-

MoC heterostructure resulting from a 20 min sulfurization process. The heterostructure clearly 

displays a metallic behavior over the entire temperature range, although no superconductivity is 

observed down to T = 1.8 K, as expected for -MoC. The incorporation of the MoS2 layer leads to 

a rather high residual resistivity. Given that most of the current should be carried by the -MoC 

layers sandwiched between the MoS2 layers, such a high residual resistivity would point to either 

a significant density of defects in the -MoC layers, or to a low density of carriers, or to both in 

addition to an effective cross-sectional area smaller than the thickness used to calculate the 

resistivity.  

 

Figures 4-16d and 4e display the resistivity as a function of the magnetic field 0H at 

various constant temperatures, unveiling the superconducting to metallic phase-transitions for 

fields oriented perpendicularly to the planes of pristine -Mo2C and ’-MoC1-x, respectively. The 

insets in both figures display the upper critical field Hc2
c for fields along the c-axis as a function of 

the temperature, where red lines are linear fits. Here, to define the value of Hc2
c we chose the 90% 

criteria or the field value where the resistivity reaches 90 % of its value in the normal state just 
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above the transition. The linear temperature behavior is consistent with the two-dimensional 

Ginzburg-Landau formalism for fields perpendicular to the planes: µ0Hc2
c = Φ0(1 − T/Tc)/ 2πξ𝑎𝑏

2 , 

where Φ0 is the magnetic flux quantum, µ0 the permeability of free space, and ξab is the in-plane 

coherence length. This supports the 2D nature of the superconducting state in these crystals despite 

their sizeable thicknesses. Figure 4-16f displays the isothermal  for the sample sulfurized for 20 

min as a function of 0H. A negative magnetoresistivity is observed for 0H  1 T and for all 

temperatures, which we tentatively attribute to weak anti-localization.27 An oscillatory signal, 

which can be suppressed by increasing the temperature, emerges when 0H  5T. These oscillations 

turn out to be periodic in inverse fields, indicating that these would correspond to Shubnikov-de 

Haas oscillations. The inset reveals the oscillatory component once the background 

magnetoresistivity is subtracted through a polynomial fit. The observation of quantum oscillations 

is rather surprising given the very large residual resistivity observed in the MoS2/-MoC 

heterostructure, and suggests that small regions of the -MoC should be well-ordered from a 

crystallographic perspective.  

 

Figure 4- 17 (a) Resistivity  as a function of the temperature T for MoS2/carbide heterostructures 

subjected to H2S gas phase reaction 1 min. Insets in (a) display  as a function of T in the low 

temperature region where the superconducting transitions starting at Tc = 6 K, become clearly 

visible. (b)  as a function of the external magnetic field 0H applied along the inter-layer c-axis 

for 1 min sulfurizing sample at several temperatures. Insets in (b) show the upper critical fields Hc2 

as functions of T where red lines are fits to the conventional Ginzburg-Landau expression. (c) Same 

as in (b) but for fields along the ab-plane. Insets in (c) display Hc2 for 0H // ab-plane as a function 

of T. Notice the marked anisotropy between fields along the ab-plane and along the c-axis.  
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Figures 4-16g and 4h display the temperature dependence of the resistive transition for 

fields along the conducting planes. There is anisotropy in upper-critical fields for both field 

orientations (by comparing with panels 4-16d and 4e, respectively), and the superconducting 

transition is inhomogeneous. This inhomogeneity probably results from a combination of vortex 

physics, crystallographic heterogeneity or variations in composition. In both panels, the insets show 

the upper critical fields as a function of temperature, which is consistent with the conventional 

Ginzburg-Landau (GL) behavior. Red lines are fits to the conventional GL expression: 

𝐻𝐶2
𝑎𝑏(𝑇) = Φ0 (1 − (

𝑇

𝑇𝑐
)

2
) /2𝜋𝜉𝑎𝑏𝜉𝑐                                   

Where is 𝜉𝑐  the interplanar coherence-length. The good fit to a conventional three-

dimensional GL expression contradicts the behavior observed for fields applied perpendicularly to 

the planes that, instead, suggests 2D superconductivity. Instead, the 2D GL formalism predicts a 

T1/2 dependence for Hc2
ab near Tc. Perhaps, one way to reconcile both observations is to assume that 

one is in an intermediate regime, that is approaching the 2D superconducting limit, but still in a 

three-dimensional regime due to the thicknesses of these crystals, which are multilayered. 

 

Finally, Figure 4-16i displays the Fourier transform of the oscillatory signal shown in the 

inset of Fig. 4-16f. Two main frequencies F are observable in the range up to 400 T, F =30 T, F 

= 70 T and Fγ= 110 T, respectively. Such peaks indicate that the observed oscillations correspond 

to the Shubnikov-de Haas-effect resulting from the Landau quantization of the electronic orbits. 

These small frequencies indicate small Fermi surface extremal cross-sectional areas28. These 

oscillations are observable up to high temperatures, indicating light effective masses29 as seen in 

semimetallic systems. Indeed, through the Lifshitz-Kosevich formalism, we extract fairly light 

effective masses, that is mα = (0.3 ± 0.3) m0, mβ = (0.13 ± 0.05) m0 and mγ = (0.7 ± 0.3) m0, where 
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m0 is the bare electron mass. Recent DFT calculations indicate that -MoC might display non-trivial 

electronic topology, being a Dirac nodal line semimetal, which could become superconducting 

upon hole doping.3 The same calculations indicate that the Fermi surface should be composed of 

additional, larger Fermi surface sheets not detected in this study, probably because the 

measurements should be performed under higher fields. The associated surface states are proposed 

to be good candidates to host unconventional superconductivity upon doping.4  

4.6 Chapter Summary  

In this chapter, we have established a two-step route to synthesize a completely novel 

TMC/TMD hetero-layered material, comprising -MoC and MoS2. Extensive characterization has 

been carried out to elucidate the structural details and formation mechanism of TMC/TMDs vertical 

heterostructures. We have found that the molybdenum carbide undergoes a series of phase 

transitions between the α-γ’-γ phases during synthesis, which are mainly driven by the induced 

chalcogen incorporation into α-Mo2C. The overall result leads to a highly controlled tunable 

superconductivity in vertical heterostructures and moiré patterns. Moreover, we can increase the 

Tc by 50% when compared to that of the starting material. Thus, we have developed a novel 

sulfurization route for inducing strained phase transitions in metal carbide systems, alternative to 

the established approach of carbon incorporation,19 which provides a platform to investigate the 

superconducting properties of different crystallographic phases at their interfaces. Notice that -

MoC (not -Mo2C) was recently predicted to display a non-trivial Z2 invariant, implying that its 

surface states could be harvested to induce p + ip triplet superconductivity, for instance, through 

the use of an external gate.4  Similarly, topological surface bands (drumhead states) in γ-MoC (with 

C termination) are predicted to lie around the Fermi level.30 Therefore, nontrivial superconducting 

pairing might also occur in γ-MoC upon doping or gating.4 Notice that -MoC crystallizes in the 



100 

 

same structure as WC, or P-6m2 (or No. 187), which is predicted to display type-II triply-

degenerate fermions, also making this compound a good candidate for unconventional topological 

behavior.4 Therefore, the precise control achieved in the growth of molybdenum carbide/sulfide 

vertical heterostructures could open unique opportunities, not only for research in topological 

materials and related surface states, but also in unconventional superconductivity with implications 

for quantum information sciences. Moreover, we envisage that the superconductor/semiconductor 

heterojunctions will play a key role in tunneling experiments, when evaluating the pairing 

symmetry of these compounds and resulting heterostructures through Cooper pair tunneling, and 

also in functional electronic components and applications in catalysis. Ultimately, the designed 

route for engineering the various phases of molybdenum carbide embedded in the created vertical 

heterostructures could also be applied to tungsten-based carbides, metal nitrides and their different 

stacked combinations. 
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Chapter 5 

 

Carbon Doping of WS2 Monolayers: Band Gap Reduction and P-type Doping 

Transport 

Reproduced (adapted) with permission from F. Zhang, Y. Lu, T. Zhang, D. S. Schulman, 

K. Fujisawa, Z. Lin, Y. Lei, A. L. Elias, S. Das, S. B. Sinnott and M. Terrones, Science Advances, 

2019, 5: eaav5003. Copyright (2019) American Association for the Advancement of Science. 

 

This work was mainly supported by the Basic Office of Science of the Department of 

Energy under award DE-SC0018025. Clarification of my contribution for this work: Ideas and all 

the experimental parts except the device fabrication and test are done by me.   

5.1 Introduction and Motivation 

Extensive research has been directed to the exploration of TMDs’ applications for tunable 

electronics and catalysts. Carbon has been commonly used as an acceptor anion dopant for bulk 

semiconductors such as GaAs15 and its alloys (e.g. AlGaAs and InGaAs)16, using liquid carbon 

tetrachloride (CCl4) as a source, due to its low activation energy, low diffusivity, high solid 

solubility, attractive electrical and optical properties. Previous work has been reported on the 

incorporation of carbon into several TMDs. For example,  rather severe reactions between carbon 

precursors and MoS2 have been reported by high temperature (or long period) treatments of MoS2 

in a carbon-rich environment (C2H2
17 or degreasing cotton18). Those reported mixed phases of 
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TMDs and transition metal carbides (TMCs) can be used for electro- or photo-catalysis 

applications17,18. On the other hand, MoS2 can be directly converted into molybdenum carbide via 

high temperature annealing in a methane environment, thus providing a low resistance and small 

Schottky barrier height for the Mo2C/MoS2 hybrid structures.19 Theoretical simulations have 

predicted that tunability of the electronic structure of the MoS2 can be achieved through 

substitutional carbon doping, which will have a profound effect on their optical and electronic 

properties.20,21 

 

Here in this chapter, and to the best of our knowledge, we demonstrate for the first time a 

plasma-assisted strategy to incorporate carbon species as substitutional dopants within the lattice 

of WS2 monolayers, which leads to significant changes in the optical band gap and progressively 

transforms the electronic transport characteristics of WS2 monolayers. In this context, plasma 

treatments have been demonstrated as an efficient way to incorporate foreign atoms such as 

hydrogen22,23, nitrogen14, fluorine24, and phosphorus12 in MoS2, via anion substitutional doping. 

Based on that strategy, we have now developed a plasma-assisted approach to effectively introduce 

substitutional carbon atoms within WS2 monolayers. Interestingly, these carbon-doped WS2 

monolayers exhibit tunable optical and electronic properties, as revealed by both experimental 

measurements and theoretical simulations. Additionally, first principle calculations also indicate 

the most energetically favorable configurations of carbon-hydrogen species present within the WS2 

lattice, along with their corresponding contribution to the electronic structure of the system. 

Aberration corrected high-resolution scanning transmission electron microscopy (AC-HRSTEM) 

is used to identify the presence of substitutional carbon within the WS2 lattice. Electrical 

characterization of these doped TMD layers, confirm that carbon can act as a p-type dopant in WS2. 
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5.2 Carbon doping of WS2 by plasma-assisted CVD process 

 

Monolayers of WS2 were synthesized by atmospheric pressure chemical vapor deposition 

(CVD), using precursors in a powder form (see Methods section for details). Carbon doping 

(schematically shown in Fig. 5-1a) was achieved through an inductively coupled plasma enhanced 

chemical vapor deposition (PECVD) process, in which the plasma was generated by radio 

frequency (13.56 MHz) at a power of 50-70 W. The dopant precursor used was methane (CH4), 

and the carrier gas was a mixture of Ar/H2 (85/15 %). There is no significant structural degradation 

of the WS2 samples after the PECVD process, as demonstrated by a representative SEM micrograph 

depicted in Fig. 5-1b. Control experiments in which the pristine WS2 samples were heated up at 

400oC with or without the presence of Ar/H2 plasma (in the absence of CH4), were also carried out, 

and those samples were studied and compared against the synthesized carbon-doped WS2. The 

advantage of the plasma-assisted route is that it leads to the decomposition of CH4 into reactive 

radicals (possibly carbon and hydrocarbons), at a temperature much lower than the decomposition 

temperature.14,21,22, 25  
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The optical properties of pristine (undoped) and carbon-doped WS2 monolayers were 

studied by photoluminescence (PL) and Raman spectroscopies (Fig. 5-1c and d). For pristine 

monolayers of WS2, a single PL peak at 1.98 eV was detected (corresponding to the A exciton26; 

see Fig. 5-1c). PL spectra of control pristine samples heat treated at 400°C under an Ar/H2 

atmosphere (in the absence of plasma), were obtained and the spectra were similar to that of pristine 

WS2, with a slight decrease in intensity (see Fig. 5-2). When WS2 was treated only with Ar/H2 

plasma at 400°C, a slight red-shift in the PL was observed and the PL intensity decreased 

significantly. This decrease in the PL constitutes an indirect evidence of the presence of defects 

(such as sulfur vacancies) within the WS2 lattice caused by the plasma bombardment, which could 

assist carbon doping. WS2 samples treated with plasma with a different CH4 flow (2 sccm, 3.5 sccm 

and 5sccm, Ar/H2 as carrier gas at a flow of 100 sccm), exhibit significant changes in their PL 

spectra, as seen in Fig. 5-1c. The PL intensity decreased progressively as the CH4 gas flow 

increased. Moreover, the PL peak shifted progressively towards lower energy values and it 

broadened as new emissions were detected. For the WS2 sample treated under a CH4 flow of 5 

sccm, the center of the PL emission was located at 1.83 eV, which represents a shift of 150 meV, 

when compared to the pristine WS2. It is noted that the full width half maxima of PL enlargement 

observed after introducing carbon atoms, is possibly due to the generation of additional sulfur 

vacancies and more random doping of CH- units within WS2 during the PECVD process. The 

uniformity of the modulated PL emission was probed by PL mappings, which clearly show a 

uniform intensity throughout the carbon-doped WS2 monolayer (see Fig. 5-3a and b). 

Figure 5- 1 Doping schematics and optical properties. (a) Schematics of the plasma-assisted doping 

experiment; (b) SEM image of the carbon-doped monolayer WS2. (c) Photoluminescence and (d) 

Raman spectra of the undoped and carbon-doped monolayered WS2 islands, with different methane 

flow during the plasma treatment (2, 3.5, and 5 sccm, respectively) obtained with a laser excitation 

of 488 nm and of 514 nm, respectively.  
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Representative Raman spectra of the pristine and carbon-doped samples are shown in Fig. 

5-1d. Besides the two first order characteristic Raman signatures of pristine WS2 monolayers, the 

E’(Γ) and A1’(Γ) located at 355 and 417 cm-1, respectively, a high-intensity second-order double 

resonance peak involving two longitudinal acoustic phonons (2LA(M) mode) was detected when 

exciting the samples with a 514 nm laser.27 To our surprise, such a double resonant process was 

progressively suppressed when increasing the CH4 flow, as observed in the spectra obtained from 

all of the carbon-doped samples (see Fig. 5-1d). We believe that carbon dopants induced changes 

in the WS2 electronic structure, which drive the system out of resonance for both the electron-

phonon and hole-phonon mediated processes.27 In particular, one LA phonon and one-defect elastic 

Figure 5- 2 Photoluminescence (PL) responses of reference samples. Pristine WS2 (bottom), WS2 

annealed at 400oC in a CH4 environment (middle), and Ar/H2 plasma treated WS2 in the absence of 

CH4 (top). As CH4 cannot be thermally decomposed at 400oC in the absence of plasma, the spectra 

from heat treated and pristine samples are very similar. Ar/H2 plasma treatment (without CH4) 

causes sulfur atoms to be sputtered away from WS2, therefore the top panel shows both a quenching 

and a defect related shoulder in the PL response, as expected. In all panels, insets exhibit the 

corresponding scanning electron microscopy (SEM) images of the WS2, showing no morphology 

changes among these three different samples.  
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scattering are involved in the double resonance process that give rise to the LA(M) and the LA(K) 

modes at 176 cm-1 and 188 cm-1, respectively.28 Both defect activated modes are present in the 

doped samples, which provides further evidence of lattice deformation induced by either vacancies 

or dopants.28 It is noteworthy that samples treated in the presence of 8 sccm of CH4 (the highest 

flow used in this study) preserves the characteristic Raman signature of WS2 and exhibits the 

highest intensity for the LA(M) and LA(K) bands among all of the samples. Moreover, the PL on 

this heavily-doped sample is quenched (Fig. 5-3c and d).  

 

 

The chemical bonding environment of carbon in monolayer WS2 was also investigated by 

X-ray photoelectron spectroscopy (XPS, see Fig. 5-4). Survey scans and high-resolution C1s and 

W4f spectra were obtained from pristine and carbon-doped WS2 monolayers. The high-resolution 

line scans were used to estimate the total atomic percentage of carbon in the samples and it was 

Figure 5- 3 (a) and (b) show the uniformity of the PL of the carbon-doped WS2 @ 5sccm, measured 

with a 488 nm laser. (a) Optical image of a WS2 triangular monolayer. (b) PL mappings showing 

the intensity of the response at 1.83 eV and 1.98eV, respectively. The mapping at 1.83 exhibits a 

mostly uniform PL signal, with the exception a few areas with local structural defects (such as holes 

in the triangles) or undoped parts (that emit at 1.98 eV).  (c) Raman and (d) PL of heavily-carbon-

doped WS2 (@ 8sccm). Extra carbon doping may result in severe PL quenching but the 

characteristic Raman signatures of WS2 are preserved.  
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found to increase from 1.98 at.% to c.a. 5.33 at.% for the carbon-doped WS2 sample (@ 5sccm). 

Assuming that undoped WS2 has only adventitious carbon, we estimate the carbon atomic 

percentage incorporated in the WS2 sample to be c.a. 3.3 at.%. As the carbon content of the doped 

samples increases, we also observed a reduction in both the oxygen content and S/W ratio 

(composition table shown in Fig. 5-4). The carbon incorporation also reduces the energy of the 

valence band maximum (VBM) to the Fermi level (FL), as indicated in Fig. 5-5. The red shifts in 

the A excitonic transition observed in the ultraviolet–visible spectra (UV-vis, Fig. 5-6), further 

support the bandgap reduction due to carbon doping. 

 

 

Figure 5- 4 X-ray photoelectron spectroscopy (XPS) elemental analyses of pristine WS2 (a) C 1s, 

(c) W 4f, and carbon-doped WS2 (b) C 1s and (d) W 4f core levels. The table list shows elemental 

compositions in both the pristine and carbon-doped WS2. The carbon exists on the material surface 

mostly in the form of CHX and COX (intense peak centered at ~ 284.8 eV). The C 1s line scans 

show that the carbon in the form of carbide bonding (red curve at around 282.5 eV) increased three 

times after doping, which indicates the formation of the new W-C bonds that substitute sulfur atoms 

in the WS2 lattice. We have also characterized and compared the pristine WS2 and carbon-doped 

WS2 samples by ToF-SIMS (Time of Flight Secondary Ion Mass Spectrometry), and FTIR (Fourier 

Transform Infrared Spectroscopy). The low signal to noise ratio lead to difficulties in detecting the 

characteristic features from doped carbon species.  
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Figure 5- 5 Valence band maximum of the carbon-doped WS2. The carbon incorporation into WS2 

gradually saturates the sulfur vacancies, thus decreasing the energy of the valence band maximum 

(VBM) to the Fermi level (FL), as shown in the figure, from 1.35 eV (pristine) to 1.29 eV (doped 

@2 sccm) and 1.23 eV (doped @5 sccm). All three spectra show similar valence band signatures 

of WS2 that indicate that the binding energy shift was induced by carbon doping in WS2. 

Figure 5- 6 UV-Vis spectra of the carbon-doped WS2 samples transferred onto quartz substrates. 

The A exciton can be observed at 608 nm (2.039 eV) in the as grown WS2, which corresponds to 

the excitonic absorption at the K point of the Brillouin zone. This is one of the characteristic 

absorption peaks of the monolayered WS2. As the percentage of C in WS2 increases, the A excitonic 

transition gradually shifts from 2.039 eV (608 nm) to 2.020 eV (614 nm) in lightly-doped WS2 (@2 

sccm), and 2.016 eV (615 nm) in medium-doped WS2(@5 sccm). The red shifts in the A excitonic 

transitions further support the bandgap reduction via C doping. 
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5.3 Density functional theory calculations understanding of carbon doped WS2 

Density functional theory (DFT) calculations were performed in order to further investigate 

the bonding environment of the carbon dopants, the associated electronic structure of the carbon 

doped WS2 systems and the mechanism responsible for the changes observed in the optical band 

gap. We only considered the VS case for our DFT calculations, assuming that carbon and 

hydrocarbon radicals are present during the WS2 plasma treatment, carbon atoms, CH or CH2 

molecules are introduced into the WS2 in the VS positions. correspond to placing the carbon at the 

sulfur position (α position), placing it at the preferred W-C bond length in bulk tungsten carbide of 

2.12 Å (γ position), and placing the carbon at a vertical location that is intermediate between α and 

γ (β position), depicted in Fig. 5-7. The cohesive energy of the systems for each type of carbon 

dopant in every vertical position (α, β or γ) are provided in Table 5-1. Our results indicate that the 

lowest cohesive energy results when the CH species are located in the β position of the WS2 

followed closely by WS2 with CH2 species introduced in the α and β positions.  

 

Figure 5- 7 Simulations of possible doping positions and band structures. Side (a) and top (b) views 

of α, β, and γ doping position for the proposed carbon species: C, CH and CH2. The band structure 

and density of states of (c) WS2 with 2.67 at% single-vacancies, (d) CH-doped WS2 with the dopant 

at the β position. In the density of states, the p-orbitals of the carbon atom and the tungsten atom, 

the d-orbital of the tungsten atom, and total density of states are illustrated in different colors. 
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The calculated band gap of pristine WS2 was 1.791 eV. Thus, VS behaves like an n-type 

dopant in agreement with a previous report.31 Figure 5-7d exhibits the band structure of carbon-

doped WS2 with the CH-dopant occupying the β position. When compared to pristine WS2, the 

band gap of the carbon-doped WS2 was predicted to remain a direct band gap system, which energy 

value decreased by 0.217 eV. Moreover, the density of states (DOS) further indicates that the 

acceptor level rose above the original valence band for carbon-doped WS2, so that extra holes 

moved up to higher energy levels, thus shrinking the band gap. In this instance, the doping group 

CH acted as a p-type dopant. The d-orbital of W and p-orbital of C dominated the contribution of 

the energy level of the top valence band, indicating an emerging bond between W and C to be the 

main reason for the band gap reduction.  

 

5.4 Transmission electron microscopy study of carbon doped WS2 

High angle annular dark field (HAADF)-STEM imaging was used to confirm the presence 

of carbon dopants at the VS sites (shown in Fig. 5-8). The experimental atomic resolution HAADF-

Table 5- 1 Relative cohesive energies of defective, doped WS2 systems. The reference cohesive 

energy state is that of the pristine WS2, the α, β, and γ doping position for the proposed carbon 

species: C, CH and CH2 are schematically shown in Fig. 5-7. 
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STEM image of a carbon-doped WS2 monolayer (show in large area Fig. 5-8a, Vs in 5-8d and 

carbon doping (@ 5sccm) in 5-8e, respectively), reveals the existence of VS in the hexagonal lattice, 

due to the growth process and/or post-growth plasma treatment. A portion of sulfur single-

vacancies were occupied by one CH unit (CH@VS, consistent with simulations). According to our 

STEM simulations, a slight yet clear intensity contrast difference can be generated after a CH unit 

occupies a VS, due to the Z-contrast imaging mechanism of STEM32, (Figs. 5-8f-h). The intensity 

profiles in Figs. 5-8b and c, depict the contrast difference between the VS and CH@VS, and are in 

good agreement with simulations. As the samples were transferred using a polymer film as a 

support layer, some areas had contamination and the intensity profile line-scan and analyses avoid 

the contaminated polymer residue regions (which can be easily distinguished from the background), 

in order to preserve atomic cleanness of the selected experimental images areas. When comparing 

these experimental images and our STEM image calculation results (Fig. 5-8h), there is a slight 

difference in the intensity (for both W and S) that originates from aberrations and astigmatism in 

TEM; such mismatch between STEM simulation and experimental direct measurements is inherent 

to the thermal and beam induced vibration of the atoms and it is, therefore, unavoidable. 
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Figure 5- 8 TEM evidence of carbon doping in WS2. Comparison between simulated and 

experimental high angle annular dark field (HAADF)-STEM images (the case of sulfur vacancies, 

and a CH dopant occupying a sulfur vacancy). Experimental atomic resolution HAADF-STEM 

image of the carbon-doped monolayer WS2 (a) shows an area with both sulfur vacancies (VS, 

yellow circles) and the CH dopant occupied sulfur single-vacancies (CH@VS, blue circles) in the 

carbon-doped monolayer WS2 (b) and (d) show the sulfur vacancies and its corresponding intensity 

line profiles, (c) and (e) the CH@VS and its corresponding intensity line profiles; Simulated 

HAADF-STEM image of the carbon-doped monolayer WS2 with (f) VS, and (g) the CH@VS in the 

hexagonal lattice; (h) Intensity line profile of the STEM image simulations with VS, and CH@VS 

in the doped monolayer WS2. 
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5.5 Transport characteristics of carbon doped WS2 

Pristine and WS2 monolayers with varying levels, lightly-, medium- and heavily-doped 

respectively, were integrated in back-gated field effect transistors (FETs) in order to investigate 

their transport characteristics. Figure 5-9a depicts a SEM image of a FET device, with a 50 nm 

Al2O3 gate dielectric, a channel length of 1 µm and a channel width equal to the width of the 

triangular flake (~50-100 µm). Drain currents (IDS) versus back gate voltages (VBG) at a drain 

voltage (VDS) of 1V are shown in Figs. 5-9b-e for all 10 pristine, 13 lightly-doped, 13 medium-

doped and 10 heavily-doped WS2 devices, respectively. The mobility cannot properly be extracted 

since most of the devices do not consistently reach the full ON state, i.e. there is no linear region 

of the IDS vs. VBG. However, the electron mobility is estimated to be between ~0.1-1 cm2/V-s from 

the few which exhibit a linear behavior. 

 

 

The pristine WS2 devices exhibited unipolar n-type behavior with an ON/OFF ratio >106 

for the n-branch (VBG>0), indicating that the metal Fermi level (EF) pins closer to the WS2 

Figure 5- 9 FET characteristics of pristine and carbon-doped monolayer WS2. (a) False-colored 

SEM image of a representative FET with a channel length (LCh) of 1 µm with 40 nm Ni/ 30 nm 

Au contacts on a 50 nm ALD Al2O3/Pt/TiN/Si substrate. Drain voltage (IDS) versus back gate 

voltage (VBG) with a drain voltage (VD) of 1 V for FETs fabricated with (b) pristine, (c) lightly-

doped (2.5 sccm), (d) medium-doped (5 sccm), and (e) heavily-doped (8 sccm) WS2, respectively. 

Each curve corresponds to a different device. The green dashed line indicates the gate leakage 

current level and any drain current below this level is not the true IDS. The pristine, lightly- and 

medium-doped (b-d) are primarily n-type indicating the contact Fermi level pinning is preventing 

hole injection into the channel. The medium-doped samples (d) begin to show some ambipolar p-

type conduction. The heavily-doped device (e) reveals entirely p-type behavior and enhanced hole 

injection from the contacts. 
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conduction band (EC) than the valence band (EV), thus resulting in a smaller electron Schottky 

barrier height (ΦSB-n) than hole Schottky barrier height (ΦSB-p).33 Note that green dashed lines in 

Figs. 5-9b-e denote the approximate gate leakage current. For the pristine samples in Fig. 5-9b, the 

current seen at VBG<-5 is not the true device current and thus is not an indication of hole conduction. 

However, a low current p-branch corresponding to hole conduction begins to emerge as the carbon 

doping is gradually introduced, as observed in the lightly- and medium-doped devices shown in 

Figs. 5-9c and d, respectively. For the medium-doped samples shown in Fig. 5-9d, significant 

device to device variation (due to variation of plasma power) is observed but many devices have 

nearly symmetric n-branches and p-branches. The ambipolar characteristics thus indicate that as 

the degree of doping increases, the tunnel barrier height for the holes, and thus ΦSB-p, decreases as 

shown schematically in Fig. 5-10. This arises from one or a combination of two mechanisms. The 

sum of the electron and hole Schottky barriers equals the band gap (ΦSB-n+ ΦSB-p=EG). As EG 

decreases, either ΦSB-n, ΦSB-p, or both can decrease. Moreover, the energy level at which the metal 

Fermi level pins relative to the WS2 conduction and valence band can change. For a given EG, a 

decrease in ΦSB-p will accompany an increase ΦSB-n, and a reduction in the n-branch current. The 

emergence of the p-branch when comparing the pristine, lightly-doped and medium-doped devices 

is difficult to attribute to either single mechanism. Any changes in ΦSB-n that affect the n-branch 

ON current are easily obscured upon variation in the subthreshold slope (SS), which is heavily 

affected by the interface quality and potentially the doping procedure. 
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The heavily carbon-doped devices exhibit an entirely p-type hole when compared to lower-

doped samples. At VBG = 0V, the devices are now in the ON state since the doping has now pushed 

the Fermi level close to the valence band. This heavy doping accompanied by the realignment of 

the metal-WS2 Fermi level pinning results in a significantly decreased ΦSB-p. The hole injection is 

no longer blocked by a large Schottky tunnel barrier. This is evident in the linear IDS vs. VDS 

characteristics shown in Fig. 5-11. Although the currents are relatively large, ~1 µA/µm, at VBG = 

-12 V, the device cannot be turned off at positive VBG. This indicates that the CH4 plasma treatment 

using 8 sccm CH4 flow rate, decreased the WS2/Al2O3 coupling, slowing the band movement due 

to the creation of interface trap states. This degradation only appears at the highest doping level. In 

fact, the samples treated with 2.5 sccm CH4 flow rate have shown an improved SS when compared 

to the pristine samples, possibly due to an annealing effect occurring during the 400°C doping 

treatment. A true post growth substitutional doping scheme such as the novel carbon doping 

presented here is required in order to achieve such doping profiles in TMD-based FETs, as a 

traditional surface electrostatic doping approach would be insufficient. 

Figure 5- 10 Band diagram showing the change in Fermi level pinning. Schematic of the valence 

band position (EV) near the source for a (a) pristine and (b) carbon-doped FET (@ 8sccm), 

respectively. For the pristine devices, a tall and wide Schottky tunnel barrier (ΦSB-p) prevents any 

hole conduction and hence no p-branch is observed. Conversely, after heavy doping (@ 8sccm), 

the metal Fermi level pins closer to the WS2 valence band. Thus, heavily-doped samples have a 

smaller Schottky barrier height for hole injection and, therefore, exhibit significant hole conduction. 
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5.6 Chapter Summary  

In this chapter we have successfully incorporated carbon-hydrogen groups within sulfur 

single-vacancies of WS2 following a novel plasma-assisted approach. This two-step strategy does 

not involve high temperatures for the doping step (only 400oC). Moreover, we have clearly 

demonstrated that the carbon-doped monolayers of WS2 exhibit optical and electronic properties 

that could be tuned depending on the carbon content. The PL measurements indicated that the band 

gap could be reduced by 150 meV, when compared to that of the pristine WS2 monolayer. 

Additionally, AC-HRSTEM imaging and DFT calculations confirmed the presence of covalently 

bonded carbon-hydrogen groups within the WS2 lattice. Furthermore, we performed a detailed 

electrical characterization, which indicates that the carbon-hydrogen groups within WS2 lead to a 

p-type doping conductor. CMOS devices are engineered to be unipolar, and require n-type and p-

type carrier transport for the N-MOS and P-MOS transistors using n+/p/n+ and p+/n/p+ 

substitutional doping schemes, respectively. Therefore, the demonstrated substitutional p-doping 

Figure 5- 11 Transfer and output characteristics of a doped WS2–based FET (@8 sccm CH4). (a) 

Drain voltage (IDS) versus back gate voltage (VBG) and (b) IDS versus drain voltage (VDS). The 

device shows heavy p-doping and linear IDS versus VDS characteristics, indicating the metal-WS2 

Fermi level is pinned relatively close to the valence band. 
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presented here constitutes a significant step towards complementary metal-oxide semiconductor 

(CMOS) logic circuits based on TMD materials.  
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Chapter 6 

 

One-Step Synthesis of Monolayer Vanadium-doped Tungsten Disulfide: An 

Emerging Room-Temperature Diluted Magnetic Semiconductor 

This work was mainly supported by the Air Force Office of Scientific Research (AFOSR) 

through grant No. FA9550-18-1-0072 and the NSF-IUCRC Center for Atomically Thin 

Multifunctional Coatings (ATOMIC). 

6.1 Introduction and Motivation 

Diluted magnetic semiconductors (DMSs) have been realized in bulk III-V semiconductors 

such as GaAs by doping with magnetic ions (e.g. Mn1), with long efforts towards achieving room-

temperature operation in the face of dopant clustering and phase segregation.2,3 Pursuit of DMS 

behavior in two-dimensional (2D) transition metal dichalcogenides has recently burgeoned through 

the introduction of magnetic transition metal ions such as V4, Ni5, Co6 and Mn7 within the host 

lattice8. While density functional theory predicts tunable magnetism in V-doped MoS2
9 and WS2

10,11 

monolayers at V concentrations as high as 9at.%., researchers have been unable to realize this 

experimentally4. Therefore, it is attractive to develop scalable and controllable synthesis routes for 

monolayer DMSs with intrinsic ferromagnetic ordering at room temperature. Understanding how 

spins order in such systems is the key to unlock the door to novel 2D magnets, with unprecedented 

magneto-electric and magneto-optical effects.12,13,16 

 

Monolayer tungsten disulfide is a direct-gap transition metal dichalcogenide (TMD) with 

high photoluminescence yield14 that can also achieve high on/off current ratio (>105) in field-effect 

transistor geometries15. Reliable substitutional cation doping of WS2 (and its sister material MoS2) 

can induce degenerate n-type (rhenium doping16) and p-type conduction (carbon17 and niobium18 
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doping). Beyond simply introducing charge carriers, a judicious choice of dopant may also achieve 

qualitatively new functionalities such as spin polarization – this prospect is particularly enticing in 

the transition metal dichalcogenides, since the magnetic dopants typically used in diluted magnetic 

semiconductors are chemically similar to the cation species in TMDs. 

 

We report the single-step powder vaporization synthesis of high-quality V-doped WS2 

monolayers with room-temperature ferromagnetism. Aberration-corrected high-resolution 

scanning transmission electron microscopy (AC-HRSTEM) and X-ray photoelectron spectroscopy 

(XPS) reveal substitutional vanadium concentrations up to 12at.%. without structural deformation 

or degradation. Vanadium doping reduces the optical bandgap and induces p-branch transport that 

reaches ambipolarity. What appears to be intrinsic ferromagnetic order is achieved at room 

temperature with maximum coercivity and saturation magnetization at an intermediate vanadium 

concentration (~2at.%.), which first-principles calculations suggest can be strengthened further by 

additional concentration tuning to maximize the distribution of dopant-dopant neighbor 

separations. These results establish a route to pursue room-temperature 2D spintronic devices.  

 

6.2 One-step powder vaporization synthesis and elemental analyses of V-doped WS2 

monolayers 

Pristine and V-doped WS2 monolayers were synthesized by powder vaporization19 with 

ammonium metatungstate ((NH4)6H2W12O40·xH2O, AMT)  and vanadium oxide sulfate (VO[SO4]) 

acting as W/V cation precursors and sodium cholate (C24H39NaO5 · xH2O) as a surfactant salt, all 

dissolved in DI water. VO[SO4] provides a direct supply of V4+ ions (i.e. oxovanadium, VO2+), 

which may be key to achieving a wide range of substitutional V concentrations in WS2. Results for 
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alternative precursors are following described (Fig. 6-1). The prepared solutions were spin-coated 

on oxidized Si substrates, followed by sulfidation at 800℃ (Fig 6-2a). As-grown pristine and V-

doped WS2 monolayers have regular triangular shapes 10 to 50 μm across (Fig. 6-2b). 

 

We studied several the vanadium precursors for doping WS2 monolayers,  

1. Vanadocene (II) (V(C5H5)2), we realize the doping by powder vaporization method for the 

growth,17 it could dope inside of the lattice with high concentration, however, there will 

show carbon contaminations or even a defective graphene layers underlying as-grown 

TMDs, as reported by other metal organic precursors.20 The morphology is degraded which 

means it fails to form large area monolayer triangles. From the atomic resolution HAADF-

STEM image of the highly-doped materials, we also see extensive stripes of V dopants in 

the lattice (Fig. 6-1a), which substantially affects the physical properties.  

2. Vanadium (III) chloride (VCl3), we realize the doping by powder vaporization method for 

the growth,17 this precursor is very air sensitive so have to deal with inside the glove box, 

the doping could be also realized with high concentration doping level while the final 

morphology shows as WS2 few layers filled with etched holes probably related 

with chloride (Fig. 6-1b).  

Figure 6- 1 HAADF-STEM image of V-doped WS2 by V precursor of (a) V(C5H5)2 and (b) VCl3. 
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3. Vanadium (IV) oxide sulfate (VO[SO4]), is what we focused on for now, with different 

density of the precursor, we can dope into the TMDs as high as 12% of V with good 

morphology control discussed later in this chapter.  

4. Vanadium (V) oxide (V2O5) is not working since they are very stable with extremely low 

vapor pressure thus hard to get sulfurized at least for sulfur vaporization.  

5. Ammonium metavanadate (V) (NH4VO3), this precursor can be dissolved in DI-water in 

spin coated process, this precursor we have not tried but reported by a recent study,4 the 

study claimed high concentration doping is possible yet no high quality large area 

monolayer triangles were found for higher doping concentration. 

 

It is also noteworthy that the distribution of the transition metal dopants in the host TMD 

lattice is also highly dependent on the synthesis process, kinetically-driven powder vaporization 

process may result in the segregation and stripe formation of V dopants. Vanadium segregation and 

striping were consistently detected when using vanadocene (V(C5H5)2) and vanadium (III) chloride 

(VCl3) as precursors, which would significantly affect the magnetic properties of the materials 

discussed above by DFT calculations too. 
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Elemental fingerprints from TEM electron energy loss spectroscopy (EELS) using the 

vanadium L2,3 edges at 513 eV and 521 eV (Fig. 6-2e) were further confirmed by the observation 

of a vanadium Kα peak circa 4.95 keV in STEM energy-dispersive X-ray spectroscopy 

(STEM/EDS, Fig. 6-2d) and XPS elemental analyses (Fig. 6-3). An oxygen peak is unavoidable in 

the EELS spectra, due to oxidation of the sample surface and film support. Keeping the overall 

volume of the precursor solution constant, the vanadium precursor concentration was varied from 

zero to 1×10–5, 1×10–4 and 1×10–3 mol/L. XPS analysis measured overall doping levels of ~1.5at.% 

and ~10at.% for the 1×10–4 and 1×10–3 mol/L solutions, while the 1×10–5 sample was below the 

XPS detection limit. Direct enumeration of the local vanadium concentration by atomic resolution 

TEM (see discussion below) yields more sensitive results: 0at.%. vanadium for 0 mol/L solution 

Figure 6- 2 One step synthesis of monolayer V-doped WS2 and chemical analyses. (a) Schematics 

of the one-step synthesis of vanadium-doped tungsten disulfide; (b) Optical microscope image of 

triangular V-doped WS2 monolayers; (c) Structure schematic of one V atom substitutional doping 

in WS2 hexagonal lattice; (d) STEM/EDS spectrum of the monolayer V-doped WS2, inset showing 

the STEM/EDS elemental mappings of the materials; (e) TEM/EELS measurement of vanadium 

L2,3 edge, the inevitable oxygen peak is from oxidation of the sample surface and the film support.  
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(i.e. pristine WS2 monolayers) and average vanadium concentrations of 0.4, 2.0, and 8.0at.%. for 

V-WS2 grown using the 1×10–5, 1×10–4 and 1×10–3 mol/L solutions respectively. 

 

 

6.3 Atomic resolution TEM investigation of V-doped WS2 monolayers 

High-angle annular dark field (HAADF)-STEM imaging in Fig. 6-4 confirms the presence 

of substitutional V atoms at W sites (written VW) in the hexagonal lattice of WS2. Under Z-contrast 

Figure 6- 3 X-ray photoelectron spectroscopy (XPS) elemental analyses of pristine WS2 and V-

doped WS2 (a) W 4f (b) C 1s and (c) V 2p core levels. The table list shows elemental compositions 

in both the pristine and V-doped WS2. 
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imaging vanadium is straightforwardly distinguished from much heavier tungsten, and the 

vanadium concentration can then be extracted atom-by-atom from the HAADF-STEM images. The 

highest level of doping achieved was 12at.%. (synthesized with 5×10–3 mol/L of V precursor, Fig. 

6-5). Further increase of the V precursor concentration triggered precipitation upon mixing the W 

and V precursor solutions, leading to degradation of the WS2 monolayer’s crystallinity and flatness. 

Although these deformed V-doped WS2 layer indicate higher doping concentrations, their complex 

edges and highly defective structures make their physical characterization unreliable.21  

 

Figure 6- 4 Atomic resolution HAADF-STEM images of pristine and V-doped WS2 monolayers. 

(a) pristine, (b) lightly-doped (0.4%), (c) moderately-doped (2%) and (d) heavily-doped (8%), 

respectively; scale bar = 2nm; Comparison between simulated and experimental high angle annular 

dark field (HAADF)-STEM images (the case of V substitutional dopant, and a V dopant coupled 
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with a sulfur vacancy). (g) and (e) Experimental atomic resolution HAADF-STEM images and 

corresponding intensity line profiles of the V-doped WS2 monolayer contains a V substitutional 

dopant (red circled, defined as VW) and (h) and (f) V dopant coupled with a sulfur vacancy (blue 

circled, defined as VW+Svac). 

 

 

 

 Moreover, dopant concentration gradient was observed by this single-step synthesis route 

(Fig. 6-6). Dopant aggregation (in e.g. stripes21) was only rarely seen, even in the 12at.%. vanadium 

monolayers. When comparing experimental STEM images with image simulations (Figs. 6-4e-j 

and 6-7), elemental identities can be clearly determined by contrast differences (W>2S>V>1S). 

When the V concentration is 8at.%. or higher (Fig. 6-8), vanadium atoms more likely to be coupled 

Figure 6- 5 Low-mag TEM images of over V-doped WS2 monolayers at V precursor concentration 

at (a) 5x10-3 mol/L and (b) 1x10-2 mol/L, respectively; corresponding atomic resolution HAADF-

STEM images shown in (b) and (d).  
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with a sulfur vacancy (written VW+Svac), which is consistent with prior work on TMD alloys.4,22 

According to simulations, such defect coupling is energetically favorable, and the slight lattice 

distortion and strain induced by doping22 could alter the electronic properties of the material.  

 

 

Figure 6- 6 Doping concentration gradient within heavily-doped monolayer WS2 triangles. 
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Figure 6- 7 (a) Simulated STEM image of pristine WS2, (b) Intensity line profile of the STEM 

image simulations with pristine WS2 lattice (black curve), VW (red curve) and VW+Svac (blue curve), 

respectively. 

Figure 6- 8 Atomic resolution HAADF-STEM image of highly V-doped WS2. Indexing of sulfur 

monovacancies by red circles, it is clear that the sulfur monovacancies tends to be coupled with V 

substitute dopants and even double V substitute dopants.  
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6.4 Optical, electronic and thermal transport properties of V-doped WS2 monolayers 

Representative Raman spectra of pristine and V-doped WS2 monolayers were obtained for 

excitation wavelengths of 532 nm and 488 nm (Figs. 6-9a and b). Pristine WS2 monolayers exhibit 

the representative E′(Γ) and A1′(Γ) first-order phonon modes at 355 and 417 cm–1 respectively. In 

V-WS2 samples, the defect-activated longitudinal acoustic mode (LA(M)) gradually emerges as the 

vanadium concentration increases, indicating lattice disorder induced by V dopants.23 Both E′(Γ) 

and A1′(Γ) blueshift as a function of vanadium concentration (Table 6-1). This is consistent with 

previously reported spectra of V-doped MoS2, where the blueshift was attributed to electron-

phonon coupling24. 

 

 

Figure 6- 9 Optical properties of pristine and V-doped WS2 monolayers. Raman spectra (a) at 488 

nm excitation laser, (b) at 532 nm excitation laser, and (c) photoluminescence of pristine, lightly-

doped (0.4%), medium-doped (2%) and heavily-doped (8%) WS2 monolayers, respectively; (d) PL 

mappings of pristine WS2 monolayer showing the intensity of the response at 1.97 eV; PL mappings 

of pristine WS2 monolayer showing the intensity of the response at (e) 1.97 eV and (f) 1.80 eV, 

respectively. a.u., normalized Raman/PL intensity shown in arbitrary units. 
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In pristine WS2 monolayers under 532 nm excitation, a high-intensity second-order double 

resonance peak involving two longitudinal acoustic phonons appears (2LA(M), Fig. 6-9b).25 This 

double resonant process was progressively suppressed under increasing vanadium concentration, 

indicating substantial changes in the WS2 electronic structure which drive the system out of 

resonance for both phonon-electron and phonon-hole mediated processes.17,25 Pristine monolayers 

of WS2 show an intense PL peak at 1.97 eV corresponding to the A exciton26. The optical bandgap 

decreases under increasing vanadium doping, while the photoluminescence broadens (likely due to 

lattice disorder from dopants possibly accompanied by vacancies) and drops in intensity (Fig. 6-

9c). This evolution of the PL response is consistent with the Raman results discussed above. The 

PL peak broadened and shifted progressively towards lower energies. PL mappings clearly indicate 

a uniform PL intensity throughout the pristine WS2 monolayer, located at 1.97 eV (Fig. 6-9d-f). 

The emission from a representative V-WS2 triangular monolayer remains uniform in intensity, 

however the emission is located at 1.80 eV.  

 

Table 6- 1 E’(Γ) and A1’(Γ) peak positions in Raman spectra 
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The red shifts of the A exciton observed in the ultraviolet-visible (UV-vis) spectra (Fig. 6-

10) further support a bandgap reduction driven by vanadium doping. The A exciton can be observed 

at 622.5 nm (1.99 eV) in the pristine WS2, which corresponds to the excitonic absorption at the K 

point of the Brillouin zone. This is one of the characteristic absorption peaks of the monolayered 

WS2. As the V doping level increases, the A excitonic transition gradually shifts from 1.99 eV (608 

nm) to 1.94 eV (639 nm) in moderate-doped WS2 (red), and 1.922 eV (645 nm) in heavily-doped 

WS2. The red shifts in the A excitonic transitions further support the bandgap reduction via V 

doping. 

 

Figure 6- 10 UV-Vis spectra of the V-doped WS2 samples transferred onto quartz substrates.  
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The back-gated FET geometry shown schematically in Fig. 6-11a (details in Methods) was 

used to characterize the electronic transport; Figures 6-11 b-d shows the drain current (IDS) versus 

back-gate voltage (VBG) for 0, 0.4, 2, and 8 at.% vanadium monolayers for various  drain voltages 

(VD). The 0 at.% device shows unipolar electron conduction with no hole current, as expected for 

a pristine WS2-based FET. A small hole branch emerges at 0.4at.% doping, with increasing hole 

currents at higher doping levels as the threshold voltage shifts from 2.9 volts in the pristine system 

to 5.6, 6.3, and 11.3 volts in devices with progressively higher doping levels (we extract VTN by 

the iso-current method for a current of 1 nA/µm at VD=1 volt). The systematic threshold shift 

confirms p-type doping, with the most heavily doped sample demonstrating close-to-symmetric 

ambipolar transport.  

Figure 6- 11 (a) Schematic of a back-gated V-doped WS2 FET fabricated on a 50nm thick Al2O3 

substrate with Pt/TiN/p++
 back-gate electrode for electronic transport measurement for each doping 

level. (b)-(d) Drain current (IDS) versus back-gate voltage (VBG) (obtained for drain voltages from 

0.2 to 1V in 0.2V steps) show a steady shift in threshold voltage across different doping levels and 

achieve close-to-symmetric ambipolar conduction in heavily doped WS2. 
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The thermal boundary conductances (hK) of the devices were measured at the Al / V-WS2 

/ SiO2 interface by time-domain thermoreflectance (Fig. 6-12). An example of this magnitude 

micrograph can be seen in Fig. 6-12a for a pristine WS2 flake. The uniformity of the TR magnitude 

of the WS2 flake suggests that the conductance is uniform. Full time delay TDTR measurements 

near the center of the triangles were examined for pristine WS2 and V-doped WS2 samples. The 

TDTR curve and best fit are shown in Fig. 6-12b for the pristine flake, where the inset shows the 

short delay time picosecond acoustic response, with which we used to extract the thickness of our 

Al transducer. This type of measurement was performed on lightly- (0.4%) and highly-doped (8%) 

V-WS2 crystals as well. The final results are shown in Fig. 6-12c for all flakes measured, where an 

increase in the Al/WS2/SiO2 interface was observed as the V doping concentration increased. The 

enhancement in conductance is correlated with the V substitutional sites in the WS2 lattice. It is 

assumed that the inclusion of V sites serves to alter the localized phonon density of states, allowing 

for an ameliorated thermal conductance as the concentration of V sites is increased. The 

improvement of heat dissipation of the V-doped WS2 is promising as an electronic circuit 

component.  

Figure 6- 12 (a) Time-domain thermoreflectance (TDTR) magnitude micrograph of a pristine 

single-crystal WS2 flake. (b) TDTR model and best fit for the conductance at the Al/pristine 

WS2/SiO2 interface. The inset shows the picosecond acoustics response at earlier time delays. (c) 

Results for the thermal boundary conductance at Al/doped WS2/SiO2 interfaces. 
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6.5 Magnetic properties of V-doped WS2 monolayers 

 

 

The magnetic properties of pristine and V-doped WS2 monolayer samples were measured 

by a vibrating sample magnetometer. To exclude unwanted effects on the magnetization versus 

magnetic field (M-H) loops from subtracting diamagnetic and paramagnetic backgrounds27,28, 

Figure 6-13 presents as-measured M-H loops (at 300K, for samples at 0, 0.4, 2 and 8at.% doping 

levels) and deduce the saturation magnetization and coercive field directly from these loops. The 

pristine WS2 sample exhibits a very weak ferromagnetic signal on a diamagnetic background, 

which we tentatively ascribe to unpaired sulfur p electrons at zig-zag monolayer edges.29,30 

Vanadium doping of 0.4at.%. greatly increases the ferromagnetic signal (MS and HC) with further 

strengthening at 2at.% doping, but a much weaker ferromagnetic response at the highest (8at.%) 

vanadium concentrations. The ferromagnetism observed in V-doped samples is too strong to 

originate from edge effects, and its dependence on vanadium concentration strongly suggests an 

Figure 6- 13 Magnetic characterization of pristine and V-doped WS2 monolayers. Magnetization 

versus field loops taken at 300 K for V-WS2 samples at different doping levels (pristine, 0.4, 2, and 

8at.%.), including an expanded view of the hysteresis loop for the 2 at.% sample and its 

temperature-dependent saturation magnetization (MS) and coercivity (HC). 
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origin in local moments of unpaired spins on V orbitals hybridizing with W 5d and S 3p states.4,27,31 

The 2at.% WS2 sample shows large, clear hysteresis loops at all temperatures, from which MS and 

HC are determined and plotted as a function of temperature. Coupled with the HAADF-STEM 

image and V-V dopant near neighbor distance analysis (Fig. 6-4c, histograms in Fig. 6-14, averaged 

distances as a function of doping concentrations in Fig. 6-15), the sharp increase in both MS and HC 

below ~160 K (Fig. 3f) can be attributed to the onset of the long-range ferromagnetic ordering 

between V dopants at large distances (~2 nm), in addition to the order between V-dopants at short 

distances (~0.5 nm) occurring at higher temperature (above 300 K). The saturation magnetization 

and coercivity both increase with decreasing temperature, but there is an interesting non-

monotonicity of both around 150–200K which we discuss below in the context of first-principles 

results on competing ferromagnetic and anti-ferromagnetic orders and HAADF-STEM imaging of 

vanadium-vanadium separations. 

 

Figure 6- 14 HAADF-STEM images of V-doped WS2 and the corresponding histogram of V-V 

near neighbor distance distribution analyses. 
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6.6 DFT calculation and origin of ferromagnetism in V-doped WS2 monolayers 
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Figure 6- 15 Plot of V-V near neighbor average distance as a function of V doping concentration, 

analyzed by HAADF-STEM images.  
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We examined isolated vanadium and the relative stability of ferromagnetic and anti-

ferromagnetic states of a pair of vanadium in a set of range of separations in a 7×7 supercell. A 

single V dopant can provide 1 unpaired electron (or hole) occupying a spin-split defect state (Fig. 

6-16b) with V 𝑑𝑧2  character.9 For two V dopants in a 7×7 supercell, if they are far away from each 

other (Figs. 6-16e and f), they provide 2 local magnetic moments. Two observations are supporting 

this picture. First, the ferromagnetic and the anti-ferromagnetic states have almost the same energy 

(4.5 meV difference is within the calculation uncertainty). Second, for the ferromagnetic state (Fig. 

6-16e), in spite of small covalent interaction between defect states as indicated by energy level 

repulsion in the band structure, and the orbital hybridization in real space, we obtain 2 μB, while in 

an anti-ferromagnetic state (Fig. 6-16f), the spin-up level of one defect state is degenerate with the 

spin-down level of the other defect state, and little hybridization is found between these two defect 

states. If the two vanadium dopants are too close to each other (Fig. 6-16c), the magnetic moments 

are quenched due to orbital hybridization. It is found that if the two dopants are neighboring or 

sharing their nearest W neighbors, their defect states will hybridize strongly and show no spin 

splitting (Shaded area in Fig. 6-16d). Otherwise, the total magnetic moments is 2 μB. Considering 

the random distribution of V atoms inside of WS2 lattice, gives the optimal level 1/19=5.3% and 

the rough estimation of saturation magnetization is 2.26×10-3 μB/nm2. The AFM state is slightly 

preferred energetically but the AFM and FM magnetic orderings are competitive arrangement of 

local moments (Fig. 6-16a).  

Figure 6- 16 DFT calculation results for V-doped WS2 monolayers. In the energy plot for 7×7 WS2 

with 2 V, the nearest neighbor case is the reference point. All the possible non-equivalent positions 

for the second V dopant are circled at the lower left corner and the band structures of the nearest 

and the farthest sites have been plotted. The shaded area shows where the second V will quench 

the magnetic moments of both dopants. The red curve is to qualitatively show the projection on V 

𝑑𝑧2  atomic orbital.  



144 

 

6.7 Chapter summary 

 

Two-dimensional diluted magnetic semiconductors own unprecedented physical properties 

related to spin behavior in low dimensions, and also hold great promise in the fabrication of novel 

magneto-electric and magneto-optical devices. This study successfully develops scalable and 

controllable synthesis routes for monolayer DMSs with intrinsic ferromagnetic ordering at room 

temperature. High quality V-doped WS2 monolayers with various doping concentrations were 

synthesized by single-step powder vaporization. The reduction of the optical bandgap and the 

emergence of p-type transport (reaching ambipolarity) are observed as the vanadium doping 

concentration increases. The V-doped WS2 monolayers also show modulated inherent 

ferromagnetic ordering at room temperature, reaching the strongest ferromagnetic signal for the 

moderately-doped (2at.%.) sample. Atomic resolution TEM imaging combining with DFT 

calculations pinpoint the effect of the V-V distance on the local magnetic moments within the V-

WS2 monolayer and the upper doping limit for optimal ferromagnetism is predicted as 5.3%. Such 

dilute magnetic semiconductors based on magnetic element doped transition metal dichalcogenides 

exhibit great promise as future spintronic devices, with novel magneto-electric and magneto-optical 

applications.  
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Chapter 7 

 

Conclusion and Perspectives 

In this dissertation, we have done a systematic study on the material synthesis, 

characterization and property investigations on transition metal dichalcogenides based heterostack 

and alloys, the detailed summary of the thesis are shown below: 

 

(1) A defect-controlled approach for the nucleation and epitaxial growth of WSe2 on hBN 

is demonstrated. The WSe2 domains exhibit a preferred orientation of over 95% leading to a 

reduced density of inversion domain boundaries upon coalescence. First-principles calculations and 

experimental studies include detailed TEM analysis provides support for the role of single-atom 

vacancies on the hBN surface which trap W atoms and break surface symmetry leading to a reduced 

formation energy for one orientation of WSe2 domains. Low temperature PL measurements and 

transport measurements of backgated FET devices fabricated on WSe2/hBN films show improved 

optical and electrical properties compared to films grown on sapphire under similar conditions. Our 

results reveal an important nucleation mechanism for epitaxial growth of van der Waals 

heterostructures and demonstrate hBN as a superior substrate for single crystal transition metal 

dichalcogenide films, resulting in a reduced density of IDBs and improved properties. The results 

motivate further efforts focused on the development of single crystal hBN substrates and epilayers 

for synthesis of wafer-scale single crystal TMD films, further understanding of nucleation 

mechanism for van der Waal solids is yet to be explored. 

 

(2) High quality superconducting α-phase molybdenum carbide (Mo2C) flakes were used 

to engineer 2D molybdenum carbide/disulfide heterostructures, exhibiting moiré patterns. Our 

sulfurization assisted synthesis approach induced controlled successive phase transitions between 
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various superconducting phases, which led to consecutive increases in TC. These findings provide 

an insight into the formation mechanism and stacking of the synthesized TMC/TMD 

heterostructures, studying various possible epitaxial-strained or moiré configurations that can be 

synthesized. Our approach opens the possibility of inducing superconductivity in topological non-

trivial surface states of the MoC phases, particularly in the γ-MoC, through the fabrication of 

heterostructures with α-Mo2C and could be generalized for other metal carbide and nitride systems, 

thus opening new opportunities for quantum information sciences. Fabrication of catalysis 

electrode for HER and assembly of Josephson junctions by TMC/TMD heterostructures are 

intriguing topics to study. 

 

(3) We have used a plasma-assisted method to introduce carbon-hydrogen (CH) units into 

monolayer WS2. We have found these CH groups to be the most stable dopant to anchor carbon in 

WS2, leading to a reduction of the optical band gap from 1.98 eV to 1.83 eV, as revealed by 

photoluminescence spectroscopy. Aberration corrected high-resolution STEM observations in 

conjunction with first principles calculations indicate that CH groups incorporate into S vacancies 

within the WS2 monolayers. To verify the substitution of CH groups within the lattice, Raman 

spectroscopy, electronic transport and XPS were also carried out. Although undoped WS2 

monolayers exhibit a unipolar n-type conduction, we have found that the carbon-doped WS2 

monolayers show the emergence of a p-branch. The conduction gradually becomes entirely p-type 

as the carbon doping level increases. Our results indicate that incorporating CH groups into the 

WS2 lattice significantly affects the electronic and optical properties of WS2, thus offering a clear 

alternative way to effectively tailor the physico-chemical properties of 2D TMD materials and 

devices. Further investigation on the CH units on catalysis or sensing performance is needed, other 

similar molecules as CH units substitutional doping into monolayer TMDs are also interesting.  

 



151 

 

(4) Vanadium-doped tungsten disulfide (V-WS2) monolayers with a wide spectrum of 

vanadium concentrations were synthesized by a reliable single-step powder vaporization method. 

The V-WS2 monolayers show a consistent reduction of the optical bandgap and the emergence of 

the p-type transport branch (reaching ambipolarity), as a function of vanadium concentration. 

Ferromagnetic ordering is simultaneously induced in monolayer V-WS2 at room temperature and 

reaches optimal at ~2%at. vanadium concentration. Density functional theory calculations 

elaborate the experimental findings and, coupled with atomic resolution transmission electron 

microscopy imaging, reveal the important effect of the V-V near neighbor distance on the local 

magnetic moments within the V-WS2 monolayer and predict the upper limit of doping level to reach 

optimal ferromagnetism is 5.3%at. Such novel two-dimensional room temperature ferromagnetic 

semiconductors will find wide-ranging applications in spintronics, valleytronics and quantum 

computing. Fabrication of devices with laser or biasing induced/modulated magnetic performance 

is under exploring, we also further extend the magnetic doping to other monolayer semiconducting 

TMD materials to find new functionalities. 

 

This dissertation has systematically demonstrated that the multidiscipline performance of 

TMDs could be tuned by defect engineering such as introducing foreign atoms into the lattice or 

by heterostacks formation. Mechanisms associated with these changes were also comprehensively 

elucidated by combination of material synthesis and atomic resolution TEM anatomy of the 

structural and chemistry of the 2D TMD materials. The results summarized in this study could 

contribute to the fabrication of next-generation optoelectronic, magneto-optical and magneto-

electronic devices, superconducting devices, which is foreseen that 2D materials could have 

practical applications in the near future.  
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