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ABSTRACT 

Band Alignment Determination of Two-Dimensional Heterojunctions and 

Their Electronic Applications 

Ming-Hui Chiu 

 

Two-dimensional (2D) layered materials such as MoS2 have been recognized as high on-

off ratio semiconductors which are promising candidates for electronic and 

optoelectronic devices. In addition to the use of individual 2D materials, the accelerated 

field of 2D heterostructures enables even greater functionalities. Device designs differ, 

and they are strongly controlled by the electronic band alignment. For example, 

photovoltaic cells require type II heterostructures for light harvesting, and light-emitting 

diodes benefit from multiple quantum wells with the type I band alignment for high 

emission efficiency. The vertical tunneling field-effect transistor for next-generation 

electronics depends on nearly broken-gap band alignment for boosting its performance. 

To tailor these 2D layered materials toward possible future applications, the 

understanding of 2D heterostructure band alignment becomes critically important.  

In the first part of this thesis, we discuss the band alignment of 2D heterostructures. To 

do so, we firstly study the interlayer coupling between two dissimilar 2D materials. We 

conclude that a post-anneal process could enhance the interlayer coupling of as-

transferred 2D heterostructures, and heterostructural stacking imposes similar 

symmetry changes as homostructural stacking. Later, we precisely determine the quasi-
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particle bandgap and band alignment of the MoS2/WSe2 heterostructure by using scan 

tunneling microscopy/spectroscopy (STM/S) and micron-beam X-ray photoelectron 

spectroscopy (μ-XPS) techniques. Lastly, we prove that the band alignment of 2D 

heterojunctions can be accurately predicted by Anderson’s model, which has previously 

failed to predict conventional bulk heterostructures. 

In the second part of this thesis, we develop a new Chemical Vapor Deposition (CVD) 

method capable of precisely controlling the growth area of p- and n-type transition 

metal dichalcogenides (TMDCs) and further form lateral or vertical 2D heterostructures. 

This method also allows p- and n-type TMDCs to separately grow in a selective area in 

one step. In addition, we demonstrate a first bottom-up 2D complementary inverter 

based on hetero-TMDCs. 
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Chapter 1 : Introduction 

1.1 Overview of Two-Dimensional Material Family 

Two-dimensional material family: Graphene was the first two-dimensional (2D) 

material to be discovered.1, 2 In 2004, Novoselov et al. successfully isolated monolayer 

graphene from graphite with scotch tape and uncovered its extraordinary characteristics, 

such as mobility > 10,000 cm2/Vs, high flexibility and strong mechanical properties. The 

category of “2D material” refers to a group that is weakly bonded by van der Waals 

forces between layers. In addition to graphene, there is a wide range of 2D materials 

included in this family, from insulating hexagonal boron nitride (hBN)3 to 

semiconducting transition metal dichalcogenides (TMDCs), such as MoS2 or WSe2,4, 5 or 

black phosphorene (BP).6 Figure 1.1 displays all layered materials in the full range of 

bandgaps. Furthermore, due to the distinct features of 2D materials, more 

functionalities can be further investigated by stacking different 2D layered materials to 

form heterostructures or superlattices without the limitation of lattice mismatch.7 

 

Figure 1.1 Two-dimensional material family.7 
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Transition metal dichalcogenides: The TMDC group is the largest group of 2D materials. 

It attracts the most attention due to its semiconducting properties and wide range 

bandgap tuning possibility. TMDC is the material with formula MX2, where M is the 

transition metal element, and X is a chalcogen atom (S, Se, or Te). In the periodic table, 

as shown in Figure 1.2, group 4 to group 10 are considered transition metals and have 

different numbers of d-electrons.8 Thus transition metal dichalcogenides express a wide 

array of electronic behaviors, including metallic, semiconducting, insulating, and 

superconducting properties. 

 

Figure 1.2 The periodic table showing various combination of transition metal dichalcogenides from 
group 4 to group 10.8 

 

Molybdenum disulfide (MoS2) is the most studied TMDC material. In the following, MoS2 

is applied as an example for further discussion of TMDCs. The crystal structure is 

presented in Figure 1.3a with corresponding top and side views in Figure 1.3b. Single-

layer MoS2 is comprised by an Mo atom between S atoms, and the thickness per layer is 
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6.5 Å.9, 10 Since Mo and S are covalently bonded, the MoS2 rises different stacking 

prototype, such as 1T, 2H, and 3R, as illustrated in Figure 1.3c. The expression of 1T, 2H, 

and 3R represents the layer number of one (1), two (2), and three (3) with tetragonal (T), 

hexagonal (H), and rhombohedral (R) unit cells, respectively.11 The 1T and 3R phases are 

metastable and can be easily returned back to 2H phase by heating. Meanwhile, 2H is 

the most stable phase above the other two phases, but it is possible to transform it to 

another phase with an additional doping process. For example, the substitutional doping 

of Re into MoS2 leads to the phase transformation from the 2H to the 3R phase.12 On 

the other hand, experimental results show lithium or sodium ion intercalation leads to 

the transformation from the 2H to the 1T phase,13, 14 where one chalcogen plane is 

transversally displaced. It should be noticed that the 1T phase MoS2 is known as a 

metallic material.  

 

Figure 1.3 MoS2 lattice structure. (a) Crystal structure of MoS2 with layer thickness of 6.5 Å.9 (b) Top and 

side views of MoS2 structure.10 (c) 1T, 2H and 3R stacking prototype of MoS2.11 
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Band structure and optical properties: According to the simulation results shown in 

Figure 1.4, the band structure of MoS2 with regard to the layer number shows a 

bandgap transition from indirect to direct semiconducting behavior.15 The valence band 

maximum (VBM) of bulk MoS2 is located at Г point, and the its conduction band 

minimum (CBM) is in between K and Г points. Along with the number of layers that 

decrease to quadrilayer and bilayer, the VBM at Г point and CBM in between K and Г 

points significantly changes and leads to an increase in the bandgap. Once reduced to a 

monolayer, the indirect bandgap becomes larger than direct bandgap at K point, and 

thus material properties are then dominated by the direct bandgap. This significant 

change in monolayer MoS2 is due to the quantum confinement effect. It should be 

noted that the direct bandgap at K point barely changes with layer thickness because 

both the VBM and CBM at K point are composed of localized orbitals in the xy plane. 

 

Figure 1.4 Simulation of band structure change versus MoS2 thickness. From left to right is (a) bulk MoS2, 

(b) quadrilayer MoS2, (c) bilayer MoS2, and (d) monolayer MoS2.15 
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One promising piece of evidence of a direct bandgap in monolayer MoS2 is that its 

photoluminescence emission intensively elevates when it changes from bilayer to 

monolayer (Figure 1.5a). The intensive emission peak located at 1.9 eV represents the 

direct bandgap of MoS2 at K point. After normalizing the PL intensity of different 

thicknesses of MoS2, as in Figure 1.5b, the indirect bandgap emission can be also 

observed when the layer number is greater than 1. The PL emission energy gradually 

shifts to a lower energy region with increased layer numbers, which means the indirect 

bandgap between K and Γ is decreasing. The optical bandgap in relation to layer number 

is thus plotted in Figure 1.5c, where the bandgap dramatically shrinks from 1.9 eV close 

to the bulk bandgap.16  

 

Figure 1.5 Band structure change determined by optical characterizations. (a) Photoluminescence (PL) of 

monolayer and bilayer MoS2. (b) Normalized PL of different layer MoS2. (c) Optical band gap plot versus 

MoS2 layer number.16 (d) Absorption spectra of MoS2 with different thickness.17 (e) Photoconductivity-

Photon energy plots with respect to monolayer and bilayer MoS2. 
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The absorption spectra in Figure 1.5d also agrees with the bandgap transition, as does 

the photoconductivity measurement in Figure 1.5e. Both results show that the bandgap 

continuously reduces when the thickness gradually increases.16, 17 

Raman spectra and phonon vibrations: Raman spectroscopy is a powerful technique 

used to understand the photon vibration of materials, as well as doping, strain, and 

layer number. The most observed Raman modes of MoS2 are described in Figure 1.6, in 

which the “E” mode describes the in-plane vibration, and “A” mode represents the out-

plane vibration.  

 

Figure 1.6 Various phonon vibration modes of MoS2.18 

 

Lee et al. determined the Raman spectra of MoS2 as a function of the number of 

stacking layers, as shown in Figure 1.7;18 E1
2g at 384 cm-1 and A1g at 402 cm-1 are the 

most prominent peaks of MoS2, and the behavior of these two peaks varies as a function 

of the thickness. The E1
2g (A1g) is gradually red-shifted (blue-shifted) as layer number 

increases. The frequency difference has been extensively used to identify the layer 
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number of MoS2. Furthermore, some Raman peaks can only be observed when the 

number of layers is greater than one, such as A1
2u and E1g of MoS2 due to the broken 

symmetry in the monolayer.19, 20 The appearance of these peaks is also often used to 

identify the layer number. 

 

Figure 1.7 Layer number dependent Raman spectra of MoS2. (Left) Raman spectra of MoS2 with different 
layers. (Right) Peak positions and frequency difference of E1

2g and A1g varies with thickness.18 

 

1.2 Preparation of 2D Transition Metal Dichalcogenides 

Synthetic routes for 2D TMDCs: To date, there are two major strategies developed to 

produce monolayer TMDCs: one is the exfoliation method from TMDC bulk crystals;21 

and the other primary method is to use vapor phase deposition techniques to synthesize 

2D TMDCs.5 Compared to the exfoliation process, chemical vapor deposition (CVD) 

techniques allow the production of high-quality and large-scale 2D materials with the 

layer number controlled. In 2008, CVD graphene was first developed to grow on nickel 
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foil, and more progress has been achieved since then, such as millimeter scale crystal 

size or roll-to-roll techniques.22, 23 Later, CVD hexagonal boron nitride (hBN) was also 

successfully developed based on a similar technique as used for graphene.3 Differing 

from graphene or hBN, the growth mechanism of transition metal dichalcogenides 

(TMDCs) does not involve any catalytic substrates. In 2012, Li et al. first reported a CVD 

monolayer MoS2 grown on sapphire by MoO3 and sulfur powder as reaction precursor.5 

This finding paved a way for researchers to grow various TMDC monolayers by CVD 

techniques. The synthesis process of the monolayer MoS2 is illustrated in Figure 1.8a, 

where the transition metal oxide MoO3 and sulfur powder are used as metal and 

chalcogen sources. After the furnace is heated up to reaction temperature, the suboxide 

MoO3-x, which serves as intermediary, is firstly produced during the reaction and then 

react with chalcogen vapor (sulfur) to form the triangular monolayer TMDCs. From then 

on, the chemical vapor deposition approach has been further improved by many other 

research groups, such as production of TMDCs single crystal with lateral size up to 

several hundred micrometer.24, 25 These chemical vapor reaction method of transition 

metal oxide and chalcogen has been widely used to synthesize other TMDC layers, 

including WS2,26 MoSe2,27 and WSe2.4 In addition, by using a mixture of metal oxide, 

metal chloride and pure metal powders as the transition metal precursor, WTe2 and 

MoTe2 can be further produced after reacting with tellurium vapor.28 
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Figure 1.8 Progresses of CVD technique fro TMD growth. (a) Schematic illustration of CVD process for 

synthesis of TMDCs.29 (b) hundred micron-meter lateral size MoS2 monolayer on SiO2 substrate.25 (c) 

Schematic illustration of MOCVD system for wafer-scale TMDC growth. (d) Optical image of wafer-scale 

MoS2 and WS2 monolayers.30 

 

Aside from using metal oxide and chalcogen powders as reaction precursors, metal-

organic CVD (MOCVD), with tungsten hexacarbonyl and dimethylselenium - (W(CO)6) 

and (CH3)2Se - as growth precursors, has been adapted to produce large wafer-scale 

TMDC monolayers.31 More recently, Kang et al. realized the large-scale TMDC film 

growth on a four-inch wafer via the MOCVD approach, as shown in Figure 1.8c.30 The 

Mo(CO)6 and (C2H5)2S are applied as growth precursors, and the TMDC films can directly 

grow on SiO2 substrates with this MOCVD approach. In addition, the authors also 

demonstrated the production of multi-stacked monolayer MoS2 films, which is potential 

for the fabrication of the vertical stacked electronic devices. Moreover, it provides more 
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new functionalities by combining different 2D layered materials, including graphene, 

hBN and TMDCs, into hybrid heterostructures.32 

Preparation of lateral and vertical 2D heterostructures: The most conventional and 

convenient way to make a 2D heterojunction (HJ) is to transfer one TMDC to another. Of 

course, it is possible to form multi-heterojunction by repeatedly transferring different 

TMDCs. The most commonly used transfer method is PMMA-assisted wet transfer, as 

illustrated in Figure 1.9. The basic idea of this method is to use PMMA as supporting 

layer of TMDC when detaching from substrates. After picked up by the target substrate 

with second TMDC and cleaned the PMMA, the vertical-stacked TMDC HJ is formed. 

However, there are some disadvantages of using this approach. First, PMMA-assisted 

transfer leaves residues, which can affect the device performance. Second, wrinkles are 

easily formed after transferring, so it always results in a low yield when forming stacking 

HJs. Last, this method is only able to fabricate vertical heterostructures, not lateral 

heterostructures. 

 

Figure 1.9 Process flow of PMMA-assisted wet-transfer process for 2D vertical heterostructure 

formations. 
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More recently, considerable works have been invested into building up 2D 

heterostructures by the synthetic approach. Direct CVD growth allows to produce large-

scale and high-quality 2D heterostructures with a controllable thickness, clean interface, 

and reproducible process. Gong and colleagues reported a one-step CVD process for the 

preparation of both vertically stacked (Figure 1.9a) and in-plane interconnected 

WS2/MoS2 heterostructures (Figure 1.9b).33 Such TMDC heterostructures grown by one-

step CVD process can only change one element, either transition metal or chalcogen.34, 

35 Remarkably, Li's group developed a two-step synthetic approach for 2D p–n 

heterostructures. As shown in Figure 1.9c, the authors have created an atomically thin 

van der Waals p–n junction, which comprises n-type MoS2 and p-type WSe2 monolayers 

with an atomically sharp interface, by using a two-step CVD synthesis method.36 
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Figure 1.10 CVD progresses of TMDC heterostructure growth. (a) Schematic illustration and optical 

images of the vertically stacked WS2/MoS2 heterostructures. (b) Schematic illustration and optical images 

of the lateral stitched WS2/MoS2 heterostructures.33 (c) Schematic illustration of the sequential growth of 

the lateral stitched WSe2-MoS2 heterostructures. (d) Optical image of WSe2-MoS2 heterostructures.36 

 

1.3 Two-Dimensional Heterostructure-Based Electronic Applications 

In 2013, A. K. Geim proposed “van der Waals heterostructures” in Nature, which 

indicated a terrain for the future application of 2D hybrid structures.7 Afterward, Many 

challenges has been overcome, and 2D heterostructures have been pushed into real 

device applications. In the following, we discuss 2D heterojunction applications 

separately in a manner of different device schemes. 
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Figure 1.11 Concept of building 2D heterostructures by considering 2D crystals as analogous to Lego 

blocks. 

 

Photovoltaic: Bernardi and coworkers confirmed the feasibility of 2D material based 

photovoltaic devices by studying 1 nm-thick MoS2/graphene solar cells through first 

principles calculations (Figure 1.12a).37 Surprisingly, compared to tranditional 

semiconductors (GaAs and Si), monolayer MoS2 shows superior absorption with more 

than one order of magnitude. There are 5-10% incident sunlight can be absorbed within 

1 nm of thickness of monolayer MoS2. In addition, an 1 nm thick type-II Schottky 

junction (Figure 1.12b) was constructed, which can greatly enhance the separation and 

transport of excited carriers at the stacking interfaces, and a high power conversion 

efficiency (PCE) up to ~1% was reached. Moreover, a high power density of 0.25-2.5 
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MW/kg was demonstrated, which was more than one order of magnitude higher than 

the best ultrathin solar cells at the time.  

In another work, Shanmugam et al. demonstrated another Schottky barrier solar cell 

with all layered materials comprising graphene-WSe2 heterostructures (Figure 1.12c-e). 

It exhibited efficient photon absorption in the visible spectral range and yielded a 

photoelectric conversion efficiency of 3.3%.38 

 

Figure 1.12 Photovoltaic devices based on 2D heterostructures. (a) Schematic illustration of 

MoS2/graphene solar cell device, where M1 and M2 are low and high workfunction metals, respectively. 

(b) Band alignment illustration of MoS2/graphene.37 (c) Schematic of band alignment at the graphene-WS2 

interface. (d) J-V characteristics and (e) output power of three Schottky barrier graphene-WS2 solar cells 

performance.38 
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Photodetector: Several experiments observed the ultrafast charge transfer at the 

interface of 2D stacking structures. It enabled to separate and collect excited charge 

effectively39 and opened up the development of optoelectronic devices and light 

harvesting in the atomically thin scale. Significant achievements have been reported. For 

example, Ye and coworkers demonstrated a high responsivity photodetector based on 

MoS2-BP heterostructures with photoresponsivity of 22.3 A/W at a 532 nm wavelength 

and a fast response time of about 15 μs (Figure 1.13a,b).40 It is also capable of detecting 

infrared range at 1,550 nm due to the small bandgap nature of black phosphorous, and 

the photoresponsivity is around 0.15 A/W. Additionally, Zhang et al. demonstrated 

another infrared detector by utilizing the interlayer transition between MoTe2-MoS2 

type-II heterojunctions. The detection range is also up to 1,550 nm (Figure 1.13c, d).41 In 

2014, Zhang et al. reported a photodetector with an ultrahigh photoresponsivity of 107 

A/W based on a graphene-MoS2 heterostructure, and it achieved a high photogain of 

108, as shown in Figure 1.13e-g.42 
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Figure 1.13 Photodetectors based on 2D heterostructures. (a) Schematic illustration of BP-MoS2 

photodetector. (b) Time-resolved photoresponse of the BP-MoS2 heterojunction with different bias Vds 

(Pin = 96.2 μW).40 (c) Schematic illustration and corresponding band diagram of a MoTe2/MoS2 device 

under 1550 nm light injection. The value of interband gap (Δ) is obtained by theoretical calculation. (d) 

Ids−Vds curves under dark (black line), 1550 nm (red line), and 2000 nm (blue line) light illumination.41 (e) 

Schematic illustration and photographic image of graphene/MoS2 heterostructural photodeterctor with 

corresponding (f) photoresponsivity and (g) photogain.42 

 

Light-emitting diode: Withers et al. fabricated light-emitting diodes (LEDs) by 

introducing multi-quantum wells (MQWs) based on graphene-hexagonal boron nitride-

transition metal dichalcogenide heterostructures (Figure 1.14a-c), and it exhibited an 

extrinsic quantum efficiency of nearly 10%. By selecting proper combination of 2D 

heterostructure, the emission frequency can be tuned in a wide range.43 Moreover, 

Palacios-Berraquero and coworkers demonstrated single-photon emission LED from 
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localized sites in graphene-hBN-WSe2 heterostructures (Figure 1.14d-f). Quantum LED 

operation is observed in highly localized light emission. A longer wavelength photon 

emission was observed due to the localized states generated within the bandgap of 

WSe2.44 

 

Figure 1.14 Light-emitting diodes based on 2D heterostructures. (a) Schematic and (b) STEM image of the 

MQW hBN/GrB/hBN/MoS2/hBN/MoS2/hBN/MoS2/hBN/MoS2/hBN/Gr/hBN. (c) Comparison of the PL and 

EL spectra for the MQW device at temperature of 7 K.43 (d) A raster-scan mapping of electroluminescence 

(EL)  from monolayer and bilayer WSe2 areas of the QLED. (e) A schematic band diagram of the QLED. (f) 

EL emission spectra in the monolayer (top) and bilayer (bottom) WSe2.44 
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Field-effect transistor: Although graphene shows potential in realizing 2D high-speed 

bipolar field effect transistor (FET) devices due to its high carrier mobility and ambipolar 

effect, the zero bandgap and Klein tunneling nature limits its application for FETs due to 

low ON/OFF current ratios. One approach for realizing high-performance 2D FETs is to 

use semiconducting TMDC as the channel material. The proper bandgap and reasonable 

mobility of the TMDC materials make them more promising for electronic device 

application than graphene. Later, the contribution of graphene shift to the formation of 

van der Waals stacks as metal-semiconductor heterostructure, which effectively reduce 

the contact resistance due to its special material properties. Liu and coworkers have 

demonstrated an n-type MoS2 FET with high field-effect mobility up to 1,300 cm2/Vs at 

low-temperature of 1.9 K (Figure 1.15a-c). The semiconducting MoS2 serves as the 

channel material and is conducted by graphene as the source/drain. The high mobility 

and tunable Fermi-level properties of graphene allow it to form barrier-free contact 

with TMDC materials. In addition, the MoS2 is passivated by hBN layers, which act as an 

isolating layer with its large bandgap. It also has atomically smooth surfaces without 

charge trapping, which makes it a great interface or substrate for 2D materials.45 
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Figure 1.15 Field-effect transistors based on 2D heterostructures. (a) Schematic illustration of a 

BN/graphene/MoS2 sandwich structure with graphene contacts. (b) Transfer characteristics of device 

scheme (a). (c)Extrinsic field effect mobility as function of temperature of device scheme (a).45 (d) 

Schematic illustration of the WSe2/SnSe2 heterostructure TFET. (e) Transfer characteristics of device 

scheme (d). (f) Subthreshold swing (SS) versus channel currents of n-TFET in device scheme (d).46 (g) 

Schematic illustration of dual-gated MoS2/WSe2 diode. (h) Output characteristics of device scheme (g). (i) 

Tunneling onset voltage as function of VGate−WSe2
, where the slope representing the gate coupling 

efficiency η.47 

 

Vertical transport through 2D heterojunctions is another type of 2D FET. This device can 

reach both low subthreshold swing (SS) and high ON-current if properly selecting the 

combination of 2D heterostructures. Once a suitable 2D heterostructure is selected 

(Type-II band alignment with nearly broken gap), the tunneling current can be 

significantly boosted.48 Yan and colleagues have reported a tunneling field-effect 

transistor (TFET) with the vertically stacked SnSe2-WSe2 heterostructure (Figure 1.15d-
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f).46 The SnSe2/WSe2 HJ forms a perfect nearly broken type-II band alignment. The 

performance of TFET exhibits an ON/OFF ratio of 106 and an average SS of 80 mV/dec 

with minimum of 37 mV/dec at room temperature. Furthermore, Roy et al. reported 

dual-gate controlled MoS2/WSe2 heterostructure device with high gate coupling 

efficiency of 80% because of the weak electrostatic barrier of the atomic layers (Figure 

1.15g-i).47 

Memory: Another important application of 2D heterojunctions is memory. Vu et al. 

investigated the use of MoS2/BN/Graphene heterojunctions in non-volatile memory, 

where graphene, MoS2, and hBN were used as charge trapping layers, channel layers, 

and tunnel barrier, respectively. The thickness of insulator plays an important role since 

the tunneling current dramatically increases as the BN thickness decreases, and there is 

more  charge injecting into the trap layer. The critical thickness of 7.5 nm was examined 

for high ON/OFF ratio performance, and it is intensively decreased when the thickness is 

greater than 10 nm. In releasing process, the trapped charge carriers in the graphene 

layer are transferred into MoS2 at considerable negative gate bias. This 2D non-volatile 

memory achieves an ultrahigh ON/OFF ratio over 109 and an ultimately low off-state 

current of 10-14 A. Furthermore, this 2D memory has high stretchability (> 19%) due to 

the absence of thick and rigid oxides, which is potential for flexible electronics.49 
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Figure 1.16 Memories based on 2D heterostructures. (a) Schematic illustration of the two-terminal TRAM 

with MoS2–hBN-graphene heterostructures. (b) Band diagrams of drain/hBN/graphene. Electrons are 

tunnelled from the drain to graphene at the Vds ≦ -6V (Programme) and holes are tunneled from hBN to 

graphene at Vds ≧ 6V (Erase) states. (c) Typical I–V curve of the TRAM with 5.5 nm thick hBN. The current 

sweep can be separated into four stages: (i) Programme, (ii) Read, (iii) Erase and (iv) Read. (e) Repeated 

Erase/Read/Programme/Read sequence with a drain voltage of +6V/+0.1V/-6V/+0.1V, respectively. The 

pulse width was 0.01 s.49 

 

In the last part of this section, I compile current 2D heterostructure-based electronic 

and optoelectronic devices and their performances in Table 1 as shown below. 

Table 1 2D stacked heterostructure-based device applications 

Application 
Layer 

structure 
Device performance References 

Field-effect 
transistors 

MoS2-Gr ON/OFF ~36 Shih et al.50 

 Gr-MoS2-Gr Field-effect mobility ~1300 cm2/Vs (1.9 K) Liu et al.45 
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 hBN-Gr-BP ON/OFF ~103, Field-effect mobility ~120 
cm2/Vs  

Avsar et al.51 

 Gr-MoS2 S Vacancy density ~ 5.08*1018 cm-3 Qu et al.52 

 Gr-hBN-MoS2, 
WSe2-MoS2 

ON/OFF ~106, electron field-effect mobility ~ 
33 cm2/Vs 

Roy et al.53 

 Gr-WSe2-Gr ON/OFF ~107 (170 K), electron mobility ~ 330 
cm2/Vs and hole mobility ~270 cm2/Vs (77 K) 

Chuang et al.54 

 Gr-WSe2-Gr Mobility ~ 45 cm2/Vs, ON/OFF ~ 107, SS ~ 90 
mV/dec, Rc = 1.4  kΩ.μm, flexible 

Das et al.55 

 Gr-MoS2-Gr ON/OFF ~ 104, mobility ~ 4.7 cm2/Vs, φSB ~ 
22 meV 

Yoon et al.56 

 Gr-MoS2-Gr φSB ~ 110 meV (VG = 0V) and ~ 0 meV (VG = 
35 V), Voltage gain = 12. 

Yu et al.57 

 Gr-hBN-MoS2  mobility ~ 151 cm2/Vs, SS ~ 80 mV/dec,  Lee et al.58 

 Gr-MoS2-Gr ON/OFF ~ 107, ID = 160mA/mm, mobility ~54 
cm2/Vs,  

Du et al.59 

 Gr-MoS2 ON/OFF ~ 103, Id ~ 5 kA/cm2 Yu et al.60 

 Gr-MoS2 ON/OFF ~ 105, Id ~ 104 A/cm2 Moriya et al.61 

 Gr-WS2 ON/OFF ~ 106 Georgiou et al.62 

 Gr-MoS2 ON/OFF ~ 105, Id ~104 A/cm2 Moriya et al.63 

 Gr-MoSe2 ON/OFF ~ 105,   Sata et al.64 

 MoS2-WSe2 Gate coupling efficiency of 80% to tunneling  Roy et al.47 

 Gr-WSe2  ION ~ 22 A/cm2 (160K), ON/OFF ~ 5*107 (180K) Shim et al.65 

 SnSe-MoS2 ON/OFF ~1*105, photocurrent response time 
< 10ms, photoresponsivity ~100 A/W (532nm) 

Yang et al.66 

 MoS2-hBN-Gr Mobility ~ 45 cm2/Vs, retain under 1.5% strain Lee et al.67 

 Gr-hBN-Gr;        
Gr-MoS2-Gr 

Switching ratio ~ 50 (hBN as barrier) or 1*104 
(MoS2 as barrier) 

Britnell et al.68 

 SnSe2-WSe2 SS 37 mV/dec, ON/OFF >1*106, ION > 10-5A Yan et al.46 

Photodetectors MoS2-WS2 Photoswiching ratio ~ 103 (vertical); ON/OFF > 
105, electron mobility ~ 65 cm2/Vs (planar) 

Huo et al.69 

 Gr-MoS2 Photoresponsivity tuning from 0 to 104 mA/W Xu et al..70 
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 BP-MoS2 Photoresponsivity ~ 418 mA/W (633nm) Deng et al.71 

 WSe2-MoS2 CYTOP fluoropolymer encapsulation to 
enhance performance 

Jeon et al..72 

 GaTe-MoS2 Rectification ratio ~ 4*105, EQE ~ 61.68%, 
photoresponsivity ~ 21.83 A/W 

Wang et al.73 

 Gr-WS2-Gr Photoresponsivity ~ 0.1 A/W, EQE ~ 30% Britnell et al.74 

 Gr-WSe2-Gr Photoresponse time ~ 5.5 ps, IQE > 70%, EQE 
= 7.3% 

Massicotte et al.75 

 MoTe2-MoS2 Photocureent response at 1550 nm 
(interband transition) 

Zhang et al.41 

 MoS2-BP Photoresponsivity ~22.3 A/W (532nm) and 
153.4 mA/W (1550nm). Response speed ~ 15 
μs 

Ye et al.40 

 Gr-WSe2 Photoresponsivity ~4 A/W (under 0.5 
mW/cm2 illumination) 

Yeh et al.76 

 MoTe2-MoS2  Rectification ratio ~780, responsivity ~ 0.15 
A/W, EQE ~ 9.4% 

Wang et al.77 

 WSe2-Gr ON/OFF ~ 103. Distinct rectification diode 
behavior. 

Sun et al.78 

 Gr-MoS2 MoS2 modulate Gr diode Meng et al.79 

 Gr-MoS2 Photogain 108, photoresponsivity ~107 A/W Zhang et al.42 

Photovoltaic Gr-MoS2-Gr EQE ~ 55%; IQE ~ 85% Yu et al.80 

 WSe2-MoS2 Ideality factor ~ 1.2; EQE ~ 12% Cheng et al.81 

 Gr-MoS2-
WSe2-Gr 

EQE ~ 34% (532nm) Lee et al.82 

 MoS2-WSe2 EQE ~ 1.5%; PCE ~ 0.2% Furchi et al.83 

 MoS2-Gr;      
MoS2-WS2 

PCE ~ 1%, Absorption ~ 5-10% Bernardi et al.37 

 MoTe2-MoS2 EQE ~ 85% (blue light), VOC ~ 0.3V,  Pezeshki et al.84 

 MoS2-WSe2 Diode ideality factor ~ 2.3, rectification factor 
2*103, PEC ~ 0.15% (VG = 0V)  and 9.8% ( VG≠

0V) 

Yi et al.85 

 WS2-Gr PCE ~ 3.3%,  Shanmugam et al.38 
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Memories Gr-MoS2 Photoresponsive memory, responsivity ~ 1010 
A/W (130K) 

Roy et al.86 

 MoS2-hBN-Gr Low IOFF ~ 10-14A, ON/OFF > 109 Vu et al.49 

 MoS2-hBN-Gr ON/OFF ~ 2 (MoS2 as trap), ON/OFF ~ 103 (Gr 
as trap) 

Choi et al.87 

 BP-hBN-MoS2 Memory window ~ 60V,ON/OFF ~ 102 Li et al.88 

 WSe2-hBN-Gr Diode rectification 104, PEC ~ 4.1% (6.8nW), 
multi-static state,  ON/OFF 108 

Li et al.89 

Light-emitting 
diodes 

Gr-WS2-Gr,        
Gr-MoS2-Gr 

EQE ~ 10%  Withers et al.43 

 Gr-hBN-WSe2;   
Gr-hBN-WS2 

EL emission at 640 nm (10K) Berraquero et al.44 

Biosensor Gr-MoS2 Detection low concen. as 1 aM (1*10-18 M) Loan et al.90 

 

 

1.4 Objective and Scope of Work 

A heterojunction (HJ) is a crucial element in modern semiconductor electronic, photonic, 

and optoelectronic devices because of its multiple functionalities. The electrical and 

optical properties of HJs are strongly controlled by the electronic band alignment. 

However, HJ devices based on conventional bulk materials are severely dominated by 

several factors that are hard to control, such as lattice mismatch and interfacial defects. 

This interfacial defect may impose more significant impacts on the ultrathin HJ channels. 

Atomically thin 2D TMDC materials have revolutionized concepts in constructing devices 

with van der Waals interactions between monolayers. These monolayers can be stacked 

with arbitrary orders and orientations, which provides various novel HJs. However, to 
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date, the band alignment for the vertical HJs constructed by arbitrary 2D TMDC films still 

remains unclear. To quantify band offset on specific two or three layered HJs, 

computational methods are conducted, but there is lack of experiment evidence to 

verify the real band alignment among 2D HJs. The objectives of this dissertation aim to 

two focuses. Chapter 2-4 is to provide a prediction model to predict band alignment of 

2D HJs. Chapter 5 is to develop a new synthetic method which allow to control the 

growth-location of p- and n-type TMDCs and form various heterostructures. 

In Chapter 2, we investigate the interlayer coupling between MoS2/WSe2 HJ by adapting 

optical spectroscopy techniques, such as Raman and photoluminescence. Some layer-

dependent characteristic Raman peaks have been detected in hetero-bilayer stacking 

regions, which implies a similar symmetry change as homo-bilayer behavior. Chapter 3 

explains the micron-beam XPS and STS/M that were performed to determine the real 

band alignment of 2D HJs for the first time. The MoS2/WSe2 HJ shows type II band 

alignment. Indeed, transitivity and commutativity are satisfied among 2D HJs. In Chapter 

4, we further prove that the band alignment of 2D HJs can be predicted well by 

Anderson’s rule (also called the “electron affinity rule”) due to the nature of the van der 

Waals surface. Once this model is proven, it paves a way for researchers to quickly find 

the best combination of various 2D HJs for optical and electrical devices based to 2D HJs.  

In Chapter 5, we describe a newly developed growth method, called metal guided 

selective growth (MGSG), which allows the growth of various vertical or lateral 2D HJs 

and the precisely control of the growth area of each 2D material. Furthermore, we 
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demonstrate a bottom-up complementary inverter based on location-control growth of 

p- and n-type TMDCs by the MGSG method for the first time. 
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Chapter 2 : Spectroscopic Signatures for Interlayer Coupling in MoS2-WSe2 

Heterojunctions 

2.1 Introduction 

Semiconducting transition metal dichalcogenide (TMDC) layered materials exhibit 

unique layer-dependent electronic and optical properties.4, 5, 91 For example, 

molybdenum disulfide (MoS2) exhibits an indirect bandgap of 1.2 eV in bulk, but it 

becomes a direct gap semiconductor (bandgap= 1.8 eV) when thinned to a monolayer.15 

Hence, monolayer MoS2 transistors have been fabricated and these devices have 

showed excellent current on/off ratios.9 MoS2 is known as an n-type semiconductor due 

to the presence of Sulfur vacancies. Another TMDC, tungsten diselenide (WSe2), has just 

started to attract the attention of numerous scientists due to its p-type characteristics.92 

Inaddition to the mechanical exfoliation method to prepare TMDC layers, recent 

developments in the scalable synthesis of TMDC monolayers using chemical vapor 

deposition (CVD) opened up the possibility to form large area of TMDC monolayers that 

could result in fabrication of flexible electronic devices and photodetectors. 

Furthermore, it is also possible to envisage building unprecedented solids by stacking 

monolayers of different 2D systems one on top of another (e.g., TMDCs, hBN and 

graphene). Such stacked heterostructures based on atomically thin 2D layers are 

fundamentally different since only van der Waals interactions exist at the interfaces. 

Therefore, these layered materials (termed also van der Waals solids) enable the 

preparation of high-quality heterointerfaces without the need of fulfilling an atomic 
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commensurability,93 thus making the structure construction easily achievable. Very 

recently, MoSe2/WSe2 optical studies were performed,94 and other optoelectronic 

devices based on WSe2/MoS2 p-n junction were also proposed.81-83, 95 Interestingly, the 

gate-tunable diode-like current rectification and a photovoltaic response have been 

recently observed in WSe2/MoS2 heterojunctions. It should be noted that the optical 

and electrical properties of TMDC heterojuctions strongly depend on the interaction 

among layers, and efforts aiming at elucidating their proper characterization is currently 

underway. 

In this chapter, we demonstrate that it is possible to build van der Waals solids by first 

stacking CVD-grown MoS2 on WSe2 monolayers, followed by thermal annealing. The 

layer-number sensitive Raman mode A2
1g for WSe2 at around 309 cm-1 (out-of-plane 

mode) appears to be excellent parameters when evaluating a good coupling between 

monolayers. The Raman modes for bulk MoS2 at ca. 463 cm-1 (A2
1g)and at ca. 283 cm-1 

(E”) are also enhanced by interlayer coupling. In addition, the interlayer excitonic peak 

observed in photoluminescence (PL) confirms the coupling between two TMDC 

monolayers and a band diagram of the MoS2/WSe2 heterojunction and the exciton 

binding energies for each composition are proposed. 

 

 

 



41 
 

2.2 Sample Preparation and Characterization  

Triangular WSe2 and MoS2 single crystalline monolayers with the lateral dimension of 

few tens of micrometers were synthesized on c-plane sapphire substrates by Chemical 

Vapor Deposition (CVD) method.4, 5 In brief, transition metal trioxides (MoO3 or WO3) 

were vaporized and reacted with the S or Se vapor in a hot-wall furnace under a 

controlled gaseous environment to form MoS2 or WSe2 monolayers. To build a van der 

Waals solid (or vertical heterojunction of MoS2 on WSe2), as schematically illustrated in 

Figure 2.1a, we first detached as-synthesized MoS2 triangular islands using wet-chemical 

transfer process. In particular, a layer of PMMA was spin-coated on MoS2 followed by 

dipping it in NaOH (2M) solution at 100 ⁰C for 1 hr so as to release the PMMA-supported 

MoS2 from the substrates. After diluting the chemical residue by DI water for three 

times, the PMMA supported-MoS2 was then mechanically transferred onto WSe2 flakes 

followed by the removal of PMMA. Figure 2.1b is the optical micrograph (OM) showing 

the mechanically stacked MoS2/WSe2 monolayers, in which it is possible to distinguish 

the stacked layers by noticing a color contrast. Figure 2.2 shows the atomic force 

microscopy (AFM) image of as-transferred MoS2/WSe2, where the surface of the sample 

is covered with residuals and adsorbates. In this context, it has been demonstrated by 

scanning tunneling microscopy (STM) that the majority of the adsorbates and residuals 

can be removed after thermal annealing at elevated temperatures.96 Therefore, as-

prepared MoS2/WSe2 samples were then annealed in an hydrogen/argon environment 

(atmosphere pressure; H2:Ar = 1:4) at 300 ⁰C for 4 hrs. The selected annealing 
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temperature at 300 ⁰C is to effectively remove the residuals but not too high to initiate 

the formation of alloys such as MoSxSey or WSxSey. 

 

Figure 2.1 Schematic, optical and AFM images of MoS2/WSe2 heterostructures. (a) Schematic illustration 

of MoS2/WSe2 heterostructure on sapphire. (b) Optical microscopic image of stacked MoS2/WSe2 HJ. (c) 

AFM height image of MoS2/WSe2 HJ with inset of profile. 

 

The AFM image and cross-sectional profile of the post-annealed MoS2/WSe2 

heterojunction are shown in Figure 2.1c, demonstrating that both WSe2 and MoS2 are 

indeed monolayers (thickness for each is around 0.6-0.7 nm). The AFM image also 

shows that the individual flake are clean and without cracks or holes after the H2/Ar 



43 
 

thermal treatment. Interestingly, the corrugated structures are found at the overlapped 

region, which could be due to a commensurability adjustment of the layers in order to 

minimize the energy followed the thermal treatment. Alternatively, it is also possible 

that water, used as the solvent to transfer MoS2 onto WSe2, got trapped between MoS2 

and WSe2 monolayers, and its evaporation resulted in the corrugation of the top 

transferred layer during the thermal treatment. The high spikes of the cross-sectional 

profile in inset of Figure 2.1c reveal the profile of the corrugated structures.  

 

 

Figure 2.2 The atomic force microscopic height image for the stacked area of the as-transferred 

MoS2/WSe2 heterostructures before annealing process. The surface of the sample is covered with 

residues. 
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2.3 Raman Features for Interlayer Coupling 

For the Raman spectra we have used the notation of the monolayer modes using the 

symbols A’1, E’, and the notation of the bilayer for the higher order out of plane modes 

such as the A2
1g, since these modes are not Raman active in the monolayer. Figure 2.3a-

d shows the Raman spectra of the double layer van der Waals solid excited with a 473 

nm laser in four energy regions, where the curves from the top to bottom are MoS2 

region (blue), MoS2/WSe2 heterojunction before annealing (green, abbreviated as 

μM/W), MoS2/WSe2 heterojunction after annealing (red, abbreviated as cM/W), and 

WSe2 region (black), respectively. The characteristic peaks for WSe2 at about 250 cm-1 

(E’ and A’1 degenerated mode) and those for MoS2 located at 387 cm-1 (E’ mode; in-

plane vibration) and 402 cm-1 (A’1 mode; out-of-plane vibration) are observed in 

individual monolayers of WSe2 and MoS2. In addition, the layer-number sensitive mode 

A2
1g for WSe2 at around 309 cm-1 (out-of-plane mode) has been reported only 

observable when the WSe2 is a bilayer or thicker.97, 98 A similar feature A2
1g for bulk 

MoS2 is located at around 463 cm-1.19, 20, 99-102 Furthermore, there is another 

characteristic peak for bulk MoS2 at around 284 cm-1 in odd number of layers is called E” 

and in even number of layers becomes Eg due to the symmetry involved.19, 99, 100 Our 

Raman results for either MoS2 or WSe2 region do not exhibit these characteristic peaks, 

confirming that WSe2 and MoS2 are monolayers. Note that the Raman band at 260 cm-1 

observed at WSe2 region (Figure 2.3a) and at about 450 cm-1 at MoS2 region (Figure 

2.3d) corresponds to the second order LA(M) phonon (2LA(M)).20, 102, 103 
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Figure 2.3 Raman spectra of the MoS2/WSe2 heterojunctions. (a-d) Raman spectra for MoS2 (blue), 

uncoupled MoS2/WSe2 heterojunction (green; μM/W), coupled MoS2/WSe2 heterojunction (red; cM/W), 

and WSe2 (black) from the top to the bottom plot. The curves are shifted for clarity. (e) Optical 

microscopic image for the MoS2/WSe2 heterojunction. (f) The spatial mapping of the Raman intensity for 

WSe2 A2
1g peak in the selected area shown in (e). 

 

It is observed that the Raman peaks for either MoS2 or WSe2 region show no obvious 

change after the thermal annealing at 300 ⁰C as shown in Figure 2.4a, which implies that 

the annealing process does not cause significant structural defects or modification. For 

the heterojunction before annealing, we find that the Raman characteristic peaks are 

closely coinciding with the individual WSe2 and MoS2 regions, which implies that the 
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layers are uncoupled (independent from each other). By contrast, after the thermal 

annealing process, the Raman spectrum for the heterojunction becomes significantly 

different from that for the individual WSe2 and MoS2 monolayers. First, the layer-

sensitive characteristic peak A2
1g for WSe2 at 309 cm-1 clearly appear in Figure 2.3b. 

Second, the E’ and A’1 degenerated peak for the WSe2 shows a blue-shift as shown in 

Figure 2.3a, and the A’1 (E’) for the MoS2 shows blue (red)-shifts as shown in Figure 2.3c, 

respectively. Third, the anomaly E” feature for MoS2 is also observed in Figure 2.3b, and 

the layer-sensitive peak A2
1g for MoS2 is enhanced as found in Figure 2.3d. 

 

Figure 2.4 The (a) Raman spectra and (b) PL spectra for the WSe2 and MoS2 areas before (black) and 

after (red) annealing process. 
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The presence of the layer-sensitive Raman bands after thermal annealing strongly 

evidence that the MoS2 and WSe2 interact with each other. It is also possible that some 

contaminants such as adsorbates trapped between MoS2 and WSe2 weaken the 

coupling between these two layers. After the thermal treatment, these contaminants 

are efficiently removed (as indicated by AFM), thus resulting in the commensurate 

stacking and the shifts in the Raman peaks. Figure 2.3e is the OM for the selected area 

for Raman mapping studies. Figure 2.3f shows the spatial mappings for the peak 

intensity of the Raman bilayer signature at 309 cm-1 for WSe2 A2
1g mode, and the Raman 

feature is only observed and distributed uniformly in the stacked region, indicating that 

the peak is originated from the interlayer coupling in the new MoS2/WSe2 bilayer. It is 

noteworthy that the peak A2
1g is Raman inactive in monolayer but become active in 

homo-bilayer or thicker layers. Here, the heterojunction stacking likely introduces a 

similar effect as in stacked homo-layers, leading to the symmetry change and activation 

of the Raman features.  

To further investigate the main features observed in the experimental Raman spectra of 

the MoS2/WSe2 junction, density functional theory (DFT) and density functional 

perturbation theory (DFPT) calculations were carried out using the plane wave code 

CASTEP as implemented in the Materials Studio package.104 A hexagonal unit cell with 

one layer of MoS2 and another of WSe2 arranged in an AB stacking was considered 

under the local density approximation (LDA). To provide a reasonable description of the 

van der Waals interaction, we have considered a dispersion correction for LDA (LDA-
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D).105 After the relaxation, due to the lattice mismatch between the monolayers, the 

MoS2 lattice parameter suffered an expansion from 3.16 to 3.21 Å and the WSe2 lattice 

contracted from 3.28 to 3.21 Å. The phonon dispersion and Raman scattering modes 

were calculated using the linear response approach for insulators.106 The result of 

Raman scattering modes is shown in Figure 2.5, where all the modes, not the resonant 

second order or combinations of first order modes, are shown in the Figure 2.5. The 

characteristic peaks E’ and A’1 for WSe2 and MoS2 are exactly reproduced. The 

MoS2/WSe2 bilayer vibrations at 309 cm-1 (WSe2 A2
1g) is also clearly seen from the 

simulation. Although the calculated frequencies are not exactly the same as obtained in 

experiments, the simulation results provide a good approximation of the Raman signals 

observed. The coincidence between the experimental and simulated results implies that 

the coupling exists in the MoS2/WSe2 bilayer heterojunction. 

 

Figure 2.5 Raman scattering modes simulation of the MoS2/WSe2 heterojunction. 
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The Raman simulation in Figure 2.5 also presents the MoS2 bulk vibration mode A2
1g at 

458 cm-1 and the anomaly E” mode at 279 cm-1. Comparing to our experimental results, 

although there have other Raman active modes near 460 cm-1, the MoS2 A2
1g mode still 

can be identified in Figure 2.3d for cW/M sample. The observed E” mode at 284 cm-1 in 

Figure 2.3b for cW/M sample can also be correlated to the simulation result. This peak is 

not normally observed because of the Raman geometry used (backscattering geometry) 

and also because it has low intensity. The observation on the E” mode may indicate that 

the presence of the interlayer coupling could enhance its intensity. The observation on 

these Raman peaks for bulk MoS2 is also an evidence of the existence of the interlayer 

coupling between MoS2 and WSe2. 

It is known that the Raman E’ peak of monolayer MoS2 is sensitive to strain, which could 

induce a red-shift in the E’ modes that have been observed for MoS2 monolayer or 

multilayers in other reports.107-109 The red-shift of the MoS2 E’ peak after the two layers 

are coupled (thermally treated) shown in Figure 2.3c indicates that a tensile strain has 

been imposed to the MoS2. This also implies that the WSe2 monolayer experiences a 

compressive strain and the E’ peak of WSe2 also shows an opposite blue-shift as shown 

in Figure 2.3a. As stated above, our simulation concludes the expansion of the MoS2 and 

contraction of the WSe2 which explain in part the E’ peak shift in MoS2 and WSe2 after 

the two layers are coupled. 

Although the strain effect could explain the Raman shifts of the annealed hetero-bilayer, 

we still cannot exclude the possibility of charge transfer between these stacked layers. 



50 
 

The Raman A’1 peak of MoS2 blue-shifts and its intensity increases (relative to E’), thus 

indicating that MoS2 is less n-doped (or a decrease in the electron concentration).110, 111 

The blue-shift of the WSe2 Raman A’1 peak implies that the WSe2 may become less p-

doped.112 These phenomena suggest that the electrons transfer from MoS2 to WSe2, 

which is expected for the PN-junction composed by the p-type WSe2 and n-type MoS2. It 

is also noted that the effect of a compressive strain on E’ and the n-doping effect on A’1 

in WSe2 is not easily distinguishable since A’1 and E’ frequencies in WSe2 are degenerate 

and both effects are expected to cause the blue-shift. However, the fact that the Raman 

shift of MoS2 E’ mode is larger than the A’1mode implies that the strain effect should 

play a major role than doping effect. On the other hand, the theoretical simulation 

including only the strain relaxation can well reproduce our experimental results, which 

further suggests that the strain effect is more significant. In any case, the shifts indicate 

the interaction between two stacked hetero-layers. It is worth noting that our results 

show that the A’1 and E’ peak energies of MoS2 do not seem to depend on the stacking 

angle between the two layers as shown in Figure 2.6, which is different from the recent 

studies on Raman spectra of bilayer MoS2 which shows twisting angle dependence.113, 

114 This could be reasoned since the homo-bilayer might exhibit stronger interlayer 

coupling due to the same lattice constant for two layers (better matching between top 

and bottom layers). 
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Figure 2.6 The extracted peak positions of Raman A'1 mode (upper) and E' mode of MoS2 with twist 

angle between MoS2 and WSe2. The gray bars represent the standard deviation in extracting the peak 

positions by Lorentzian peak fitting. 

 

2.4 Band Gap and Band Alignment by Optical Measurement 

To study the optical and energy band properties of the heterojunction, we performed 

the PL and absorption measurements. Figure 2.7a shows the PL spectra excited with a 

532 nm laser and Figure 2.7b displays the absorption spectra for MoS2, uncoupled 

MoS2/WSe2 heterojunction (μM/W), coupled MoS2/WSe2 heterojunction (cM/W), and 

WSe2 regions. The excitonic PL peaks for WSe2 and MoS2 monolayers at about 1.65 and 

1.85 eV are clearly observed in the respective non-stacking region. For the μM/W 

region, the PL peak energy of WSe2 or MoS2 is very close to that for its corresponding 

layer, thus confirming that there is no strong layer coupling in the heterojunction. The 
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slight suppression of the PL intensity for both MoS2 and WSe2 may be due to the 

defects/traps introduced by the stacking. For the cM/W sample, the PL intensity for 

both WSe2 and MoS2 is significantly lower compared to that of uM/W. In addition to the 

characteristic PL peaks from MoS2 and WSe2, an extra peak at a lower energy (∼1.59 

eV), and marked by a black dashed line is also observed. This PL peak appeared in 

previous work and it is attributed to the interlayer radiative recombination of the 

spatially separated carriers.95 The excitons are excited separately in WSe2 and MoS2 by 

the incident laser. Since the MoS2/WSe2 junction is a type II heterojunction, the excited 

electrons in WSe2 tend to accumulate in the conduction band of MoS2 and the holes in 

MoS2 tend to accumulate in the valence band of WSe2 at the interface as illustrated in 

Figure 2.8b. Therefore, the recombination of the electron-hole pairs at the interface 

gives lower energy than MoS2 and WSe2 itself. The interlayer PL peak reveals the nature 

of the coupling in the heterojunction. 
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Figure 2.7 (a) Photoluminescence and (b) absorption spectroscopy of the MoS2/WSe2 heterojunction. 

The curves corresponding to MoS2 (blue), noncoupled MoS2/WSe2 heterojunction (μM/W)(green), 

coupledMoS2/WSe2 heterojunction (cM/W) (red), and WSe2 (black) from up to down. The curves are 

shifted for clarity. The dashed line indicates the interlayer PL peak. The orange lines and arrow mark the 

anti-Stoke shift. 

 

The absorption spectrum for individual MoS2 exhibits two absorptions peaks, A and B 

excitonic peaks at 1.87 and 2.01 eV, respectively. The WSe2 has only one peak centered 

at 1.70 eV. As shown in Figure 2.7b, the absorption peak of the pristine WSe2 is 

significantly higher (50-60 meV) than that of either μW/M or cW/M, which might be due 

to that the WSe2 is under MoS2 and the dielectric environment is largely changed. 

Moreover, a Stoke shift is found in cM/W sample between absorption peak (1.64 eV) 

and interlayer PL peak (1.59 eV), which further supports the radiative recombination 
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between the WSe2 and MoS2. We should note that we found an anti-Stoke shift in the 

cM/W sample between the WSe2 absorption peak (1.64 eV) and WSe2 PL peak (1.66 eV), 

as marked with orange lines in Figure 3.9. The anti-Stoke shift implies that there might 

have some hot phonons in the optical level of WSe2 under the heterojunction structure, 

which requires further experiments and theoretical work to clarify. 

 

Figure 2.8 Schematic of the energy band alignment of MoS2/WSe2 heterojunction at 77 K. (a) The PL of 

cM/W sample (black) and the Lorentzian peaks fitting (red-dashed) at 77 K. The green lines are the 

composited peaks by using Lorentzian fitting. The black dashed lines indicate the emitted energy of MoS2 

and WSe2 and cM/W. (b) The solid lines represent the conduction band and valence band of MoS2 and 

WSe2. The solid double arrow lines and dot double arrow lines indicate the PL energy and interband 

between MoS2 and WSe2 extracted from experimental results. 

 

The observation on the interlayer PL peak not only show the strong evidence of the 

interlayer coupling, but also allow us to establish the energy band alignment of the 

MoS2/WSe2 heterojunction as shown in Figure 2.8b. We measure the PL spectrum at 

77K to set the energy band alignment. The PL spectrum at 77 K for each regime is shown 
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in Figure 2.8a, and the extracted PL peaks are summarized in Figure 2.8b with solid 

double arrow lines. The band alignment of MoS2/WSe2 is confirmed as a type-II 

heterojunction with interlayer band of 1.66 eV. In our work, we confirmed that the 

annealing process can enhance the interlayer coupling, which might result from 

reducing of layer distance or exclusion of interface residues in order to build van der 

Waals solids. Besides, we have also performed the experiments for the opposite 

stacking structure (WSe2 on top of MoS2) and this structure exhibits the similar 

behaviors in Raman (Figure 2.9) and PL (Figure 2.10), further corroborating the 

conclusions reached. 

 

Figure 2.9 (a)-(d) Raman spectra of the WSe2/MoS2 heterojunction. The bilayer character peak E’’ of 

MoS2 and A2
1g of WSe2 are observed. 
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Figure 2.10 Photoluminescence spectra of the WSe2/MoS2 heterojunction. Note that the peak at 1.6 eV 

is assigned as the inter-band transition. 

 

2.5 Conclusion 

We fabricated the vertical MoS2/WSe2 heterojunction by stacking CVD-grown MoS2 and 

WSe2 triangular monolayers. The thermal treatment enhances the coupling between the 

two monolayers, based on the shifts observed in the Raman and PL spectra. 

Interestingly, the characteristic Raman signature at 309 cm-1 (WSe2 A2
1g), 463 cm-1 (MoS2 

A2
1g), and 286 cm-1 (MoS2 E”) suggest that the heterostructural stacking impose similar 

symmetry change as homostructural stacking. In addition, the optical band alignment of 

the MoS2/WSe2 heterojunction is established by low-temperature photoluminescence 

spectroscopy. It is anticipated that the fundamental understanding of interlayer 

coupling and the band alignments in heterostructures is crucially important for future 
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applications and engineering of the devices based on two-dimensional materials and 

van der Waals solids. 
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Chapter 3 : Band Alignment Determination of TMDC Heterojunctions 

3.1 Introduction 

Many proposed novel devices are based on heterostructures formed between dissimilar 

TMDCs. Heterojunction band offset is the key parameter for designing HJ-based 

electronic/photonic devices and accurate determination of this parameter is of critically 

important. In conventional semiconductor heterojunctions (HJs), one commonly used 

technique to determine the valence band offset (VBO) is XPS.115-117 This method relies 

on finding the core-level alignment of two constituent semiconductors across the HJ. 

Then with additional information on the core-level position relative to the valence band 

maximum (VBM) measured separately for individual semiconductors, the VBM 

alignment across the HJ can be determined. The application of this technique to TMDC 

HJs, however, faces two technical challenges. First, the HJ is formed only locally with a 

lateral length scale of only a few microns, owing to the limited lateral size of available 

TMDC monolayer samples. It is thus necessary to locate such locally formed HJs and 

measure the core-level alignment across the junction. The second challenge is the 

determination of the VBM position. In conventional semiconductors, the valence bands 

primarily comprise of sp orbitals, with a smooth density of states (DOS). This allows for a 

precise determination of the VBM through curve fitting. In single-layer (SL) TMDCs, the 

DOS near VBM has a complicated line shape due to the different characteristics of the 

states near Γ and K points. 
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In the following, by using microbeam X-ray photoelectron spectroscopy (μ-XPS) where 

the photon spot can be focused down to sub-microns (spot size ~100 nm), we are able 

to measure the core-level alignment across the TMDC HJs at the local scale. Moreover, 

by using scanning tunnelling microscopy/spectroscopy (STM/S) to measure individual 

TMDCs we determine the quasi-particle gaps and the fine structures involved, such as 

the energy difference between the VBM at Γ and K. The special combination of μ-XPS 

and STM/S measurements allow us to deduce the precise band offset values including 

both the VBO and conduction band offset (CBO). In addition, the first-principles 

calculations are performed to elucidate the interlayer interaction.  

 

3.2 Band Alignment Analysis by μ-XPS 

For μ-XPS measurements, the single-crystalline monolayer TMDCs were synthesized 

using chemical vapour deposition on sapphire substrates.4, 5, 118 These as-grown TMDCs 

were then detached from sapphire substrates and transferred onto Si wafers with native 

oxides to form the HJ stacks. It has been shown recently that with the presence of a thin 

native oxide (~2 nm) layer the photoemission measurement can be carried out without 

the charging effect, but the oxide is also thick enough to ensure that the Si band 

structure is suppressed so the valence band structure detected is only from SL-

TMDCs.119 For STM measurements, SL-TMDCs are grown on highly oriented-pyrolytic-

graphite (HOPG) directly to provide enough conductivity for STM imaging.  
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Figure 3.1a shows the optical micrograph and atomic force microscopy images for the 

WSe2/MoS2 heterostructure stacked on a sapphire substrate. Figure 3.1b shows the 

photoluminescence (PL) spectra for the selected sites including MoS2 only (A), WSe2 only 

(C) and WSe2/MoS2 (B) areas. The PL intensity of both MoS2 and WSe2 for the 

overlapped area (B) is significantly lower than that from WSe2 or MoS2 alone, indicating 

that the photo-excited carriers are quenched through other routes than the emission 

from individual WSe2 or MoS2 band edges. (The detail discussion is in Chapter 2.) The 

surface adsorbates on these two-dimensional (2D) materials are removed by vacuum 

annealing at an elevated temperature.96 Herein, these flakes are annealed in a high 

vacuum chamber (2 x 10-10 Torr) at 300 ⁰C for over 8 hrs before the scanning 

photoelectron microscopy (SPEM) scans. 

 

Figure 3.1 Optical microscopy images and photoluminescence spectroscopy taken on the stacked 

WSe2/MoS2 heterostructure. (a) Optical micrograph and atomic force microscopy images for the 

WSe2/MoS2 heterostructural stacked flakes on a sapphire substrate. (b) Photoluminescence spectra for 

the selected sites including MoS2 only (A), WSe2 only (C) and WSe2/MoS2 (B) stacked areas. 
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Figure 3.2a shows the spatial mapping of Mo3d5/2 (left), W4f7/2 (middle) and their 

composite (right) respectively using μ-XPS. Such an elemental mapping allows us to 

identify isolated SL-WSe2, SL-MoS2 and locally stacked HJ bilayer unambiguously. The 

corresponding core-level spectra of W4f and Mo3d in isolated SL-WSe2, isolated SL-

MoS2, the WSe2/MoS2 stack and the MoS2/WSe2 stack are shown in Figure 3.2b. Also 

shown are the corresponding valence band (VB) spectra in isolated SL-WSe2 and SL-

MoS2 flakes. The energy splittings and relative intensities due to the spin–orbit coupling 

for W4f (4f7/2 and 4f5/2) and Mo3d (3d5/2 and 3d3/2) doublets remain unchanged before 

and after forming 2D stacked films. Furthermore, their energy locations are 

independent of the X-ray beam flux, confirming the absence of the charging effect. 

 

Figure 3.2 μ-XPS measurements on the stacked MoS2/WSe2 and WSe2/MoS2 heterostructures. (a) The 

Mo3d and W4f mappings for the same physical area. The right figure is the overlapped mapping that 
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allows the identification of MoS2/WSe2 stacked areas. A and B points are the typical stacking area where 

the XPS are taken. (b) The spectra for the selected isolated WSe2 and MoS2 flakes, the stacked MoS2/WSe2 

and WSe2/MoS2 heterostructure. All numbers are quoted in electron volt. There is an uncertainty of ±0.04 

eV when determining the energy levels for all peaks. 

 

The core-level separation between the W4f7/2 and Mo3d5/2 is determined to be 

196.97±0.04 eV across the HJ. In reverse stacking (that is, WSe2/MoS2), this value 

becomes 196.98±0.04 eV, essentially unchanged within the experimental error. To 

determine the VBO, we also need the respective quantities of core level relative to the 

VBM in individual SL-WSe2 and SL-MoS2. With a least-square fit of the leading edge of 

the VB spectra (shown in Figure 3.2b), the apparent VBM locations are determined to be 

0.92 eV for WSe2 and 1.11 eV for MoS2 (Figure 3.3). We recognize, however, that this 

fitting procedure may not lead to the correct value of VBM value due to the complicate 

line shape in the DOS (discussed further in chapter 3.4). We thus label this ‘apparent’ 

VBM position as VBM*. Using this procedure, we determine that the Mo3d5/2 relative to 

the VBM* in MoS2 to be 228.33±0.04 eV and the W4f7/2 relative to the VBM* in WSe2 to 

be 31.77±0.04 eV. Assuming that the energy difference between the VBM* and the core 

level remains unchanged after stacking, the apparent VBO* for MoS2 and WSe2 and in 

the stacked film MoS2 on WSe2 can be determined as: 

∆𝐸𝑣∗
𝑀𝑜𝑆2−𝑊𝑆𝑒2 = 31.77 eV + 196.97 eV − 228.33 eV = 0.41 eV 

Here the notation MoS2-WSe2 in the superscript indicates that this is the potential step 

moving from MoS2 into WSe2. The error bar in the determination of the VBO* is 
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estimated to be 0.07 eV. The consistent core-level separation of 196.98±0.04 eV 

between W4f7/2 and Mo3d5/2 in reverse stacking also implies the validity of VBO 

commutativity in TMDC HJs. In similar procedures, we determine the VBO* between 

WS2 and MoS2 as ∆𝐸𝑣∗
𝑀𝑜𝑆2−𝑊𝑆2 = 32.01 eV + 196.55 eV − 228.33 eV = 0.23 eV using 

the W and Mo core-level alignment; and the VBO* of WS2/WSe2 HJ as  ∆𝐸𝑣∗
𝑊𝑆2−𝑊𝑆𝑒2 =

0.22 eV using the S and Se core-level alignment. One very interesting result is that the 

transitivity is satisfied. Namely VBO*(MoS2-WSe2) is essentially the same as VBO*(MoS2-

WS2) + VBO*(WS2-WSe2) within the experimental error bar. 

 

Figure 3.3 VBM* determination of pure (a) MoS2 and (b) WSe2 by using μ-XPS. 

 

3.3 Band Edge Determination by STM/S 

Theoretical calculations show that the DOS near the VBM is dominated by the states 

near the Γ point with much less contribution from those near the K point where the true 

VBM is located (as shown in Figure 3.4b, and the generic band structures can also be 

seen in the Figure 3.4a.). Since XPS is unable to resolve the Γ-K splitting, the measured 
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VBM* likely corresponds to the location of the Γ point. Thus, the resulting VBO* would 

not correspond to the true VBO. This shortcoming is overcome by using STS to 

accurately determine the quasi-particle gaps, and the Γ-K VBM energy splitting, ΔΓ-K. 

With these additional pieces of information, the band alignment (both valence band and 

conduction band) can be accurately determined. 

 

Figure 3.4 Theoretical calculation of (a) band diagrams and (b) DOS for MoS2 and WSe2 using DFT. 

 

Figure 3.5a shows the STM image of SL-WSe2 grown on HOPG, with a typical tunneling 

spectrum shown in Figure 3.5b. In the negative bias range, there is sharp peak at about 

1.65 V then vanishes quickly as the bias is increased. In the positive sample bias range, 

an onset of conductivity occurs at +1.03 V. To determine the VBM and CBM positions, 

the conductivity is displayed in the logarithmic scale (lower panel in Figure 3.5b) where 

the sharp onset at 1.03 V can be unambiguously identified as the CBM. The 
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determination of the VBM using such a dI/dV spectrum, however, encounters some 

ambiguity. An extrapolation of the leading edge would yield a threshold being located 

somewhere between -1.4 and -1.3 V. Detailed examination, however, reveals that the 

global VBM at the K point is located at a significantly higher energy location (at -1.05 V) 

and the peak at the -1.65V corresponds to the local VBM at the Γ point. In the WSe2 

region, as long as the junction stabilization voltage (namely, the applied bias before the 

interruption of the feedback) is between -1.65 and -2.0 V, the spectrum does not have 

enough sensitivity to detect the global VBM position. To enhance the ability to observe 

these states, we acquire another spectrum by reducing the tip-to-sample distance by 

~3.5 Å, shown as the red curve in Figure 3.5c. In this ‘close-in’ distance, tunnelling from 

the states of the underlying graphite can also be detected. Moreover, there is a 

threshold at -1.05±0.05 V separating the states derived from graphite and those from 

WSe2. This threshold is assigned as the global VBM at the K point. By using a stabilization 

voltage of -0.8 V (well into the gap region of WSe2), the underlying graphite electronic 

states can be ‘seen through SL-WSe2’ and the spectrum is essentially the same as the 

spectrum acquired in the bare graphite surface (shown as the black and blue curves in 

Figure 3.5c). This also confirms our assignment of the threshold at -1.05 V to be the 

global VBM position at K point. More detailed discussions on the determination of 

energy location of different thresholds and their origins in the Brillouin Zone can be 

found in reference.120 In Figure 3.5d, we show a close-in spectrum for MoS2 where the Γ 

point can be identified at -2.0 V while the VBM is located at -1.84±0.05 eV. The CBM 

location of MoS2, can also be resolved as 0.31±0.05 eV. 
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Figure 3.5 STM images and the tunneling spectra of WSe2 and MoS2 grown on HOPG. (a) STM image of 

single layer WSe2 grown on HOPG. The inset shows the atomic resolution image taken on the SL-WSe2. For 

the inset, U = -1.4V, I = 10 pA. (b) The dI/dV-V spectrum taken on the SL-WSe2 flake. The tunneling 

conductance dI/dV (with arbitrary unit) is plotted in both the linear scale (upper panel) and the 

logarithmic scale (lower panel). The green dashed arrows indicate the positions of the local VBM at Г and 

K points, which are equal to 1.65 eV and 1.05 eV, respectively. The CBM is assigned at +1.03 eV. (c) The 

clear threshold, corresponding to VBM at K, can be seen in the dI/dV spectrum taken with much more 

close tip-sample distance (B3.5A closer than b). For comparison, the spectra taken with the stabilization 

bias with the gap (0.8 V) is shown in black, while the one taken on bare graphite is in blue. The similar 

dI/dV (in black) and ‘close-in’ (red in inset) spectra of SL-MoS2 are displayed in d, while the valence band 

maxima at G and K are marked in the inset. The EC (blue arrow) corresponds to the CBM. (e) The diagram 

of band alignments among single-layer MoS2 and WSe2. The local VBM at G and global VBM at K are 

shown in cyan and red, respectively. 

 

To determine the core-level position relative to the true VBM in SL-TMDC, we carry out 

μ-XPS on similarly prepared single-layer MoS2 and WSe2 on HOPG (Figure 3.6). The 

measurements yield a binding energy of 229.24±0.03 eV for Mo3d5/2, corresponding to a 
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separation of 227.40 eV to the true VBM (at the K point) in MoS2. Similarly, W4f7/2 in SL-

WSe2 on graphite has a binding energy of 32.31±0.03 eV, corresponding to a value of 

31.26 eV when referenced to the true VBM. With these two binding energies relative to 

their individual VBM determined, we can re-apply the same algorithm and obtain a true 

VBO of  

∆𝐸𝑣
𝑀𝑜𝑆2−𝑊𝑆𝑒2 = 31.26 eV + 196.97 eV − 227.40 eV = 0.83 ± 0.07 eV 

One can immediately see that the VBO measured is 0.42 eV larger than the apparent 

VBO* of 0.41 eV measured using XPS alone. This is due to the fact that in WSe2, the K 

point is 0.60 eV higher than the Γ point while in MoS2, it is only about 0.16 eV higher. 

With these STS energy data, the VBO* value can be deduced as 0.39 eV, very close to 

the XPS values of 0.41 eV. This affirms our earlier conjecture that the XPS measurement 

of VBM* is dominated by the high DOS at the Γ point. STS measurements of 

quasiparticle gaps (2.15±0.1 eV for MoS2 and 2.08±0.1 eV for WSe2) also allow us to 

deduce a CBO of 0.76±0.12 eV, affirming a type-II band alignment as illustrated in Figure 

3.5e. 
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Figure 3.6  The μ-XPS taken on the SL MoS2 and WSe2 grown on HOPG. The measurements yield a 

binding energy of 229.24 ± 0.03 eV for Mo3d5/2 (shown in a), corresponding to a separation of 228.40 eV 

to the true VBM (-1.84 eV measured by STS) in MoS2. Similarly W4f7/2 in SL-WSe2 on graphite has a binding 

energy of 32.31 ± 0.03 eV (shown in b), corresponding to a value of 31.26 eV when referenced to the true 

VBM (-1.05 eV measured by STS). 

 

Another very interesting observation is that for individual SL-MoS2 and WSe2 on graphite 

the binding energy difference between Mo3d5/2 and W4f7/2 is 229.24-32.31 = 

196.93±0.04 eV, essentially the same as the core-level separation (196.97±0.04 eV) 

across the HJ stack. This means that ‘the supporting graphite substrate is a good 

common energy reference’ for TMDCs when we consider the problem of band 

alignment. In fact, if we take directly the VBM measured in STS for SL-TMDC on graphite 

(-1.05 eV for WSe2 and -1.84 eV for MoS2), a VBO of 0.79 eV is deduced when we choose 

graphite as the energy reference. Why does this work? If we treat SL-TMDC on graphite 

as a semiconductor–semimetal heterojunction, then the measured VBM position of SL-

TMDC on graphite also represents the VBO of the TMDC/graphite heterojunction. If we 
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then use the VBOs determined for SL-MoS2/graphite and SL-WSe2/graphite, and apply 

the transitivity we will deduce a VBO of 0.79 eV for MoS2/WSe2 heterojunction system, 

essentially the same as the VBO measured using XPS. We suggest that the reason this 

transitivity holds is related to the weak van der Waals interactions between TMDCs and 

graphite and between different TMDCs. 

 

3.4 First Principle Calculation of the TMDC HJs 

One fundamental question to address is whether or not individual layers retain their 

respective electronic structures even after stacking. The definition heterojunction would 

be meaningful only if this is true. To address this issue, we have carried out theoretical 

density functional theory (DFT) calculations for the electronic structures of the 

composite system formed by two dissimilar SL-TMDC layers. Shown in Figure 3.7 is the 

case for MoS2/WSe2 calculated using a MoS2( √13 )/WSe2( √12 ) supercell to 

accommodate the difference in lattice constants. The direct bandgap at the original K 

point in the isolated MoS2 layer remains at K for the Brillouin zone of the supercell 

(labelled as Ks in Figure 3.7), while the direct bandgap at the original K point in the WSe2 

layer is folded to the Γs point. As can be seen, the electronic structures can be nicely 

projected into their respective MoS2 and WSe2 layers that are the same as the isolated 

layers, confirming the validity of treating the MoS2/WSe2 as a heterojunction. Moreover, 

a numerical value of 0.94±0.1 eV for the VBO is obtained in the DFT calculation which 

agrees very well with the 0.83±0.07 eV measured experimentally. 
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Figure 3.7 First-principles calculations for the electronic structures of the composite system formed by 

two dissimilar SL-TMDC layers. (a,b) Energy band structure of the MoS2/WSe2 bilayer calculated using a 

supercell containing rotated √13×√13 and √12×√12  unit cells of MoS2 and WSe2, respectively, to minimize 

the strain in individual layers due to lattice mismatch. The labelling of the symmetry points is referenced 

to the Brillouin zone of the supercell. Note that the original K point in the MoS2 SL remains at Ks, while the 

original K point in theWSe2 SL is folded to Gs. The projected bands onto Mo and Watoms are shown in a,b, 

respectively, with the amount of Mo (W) projection represented by the size of blue (red) circles. (c) One-

dimensional charge density (integrated over the horizontal direction) illustrating that the states at the 

band edges belong to a distinct layer. 

 

Theoretically, we have also carried out the calculations for heterostructures with other 

combinations of TMDCs. The interlayer interaction between two TMDC layers with the 

same chalcogen species turns out to be significant enough to change the characteristics 

of the states at the VBM. As an example, the energy bands of MoS2/WS2 

heterostructure are shown in Figure 3.8. We find that the band offset at the K point 

remains well defined and appears to be independent of the stacking pattern. However, 

the interlayer coupling moves the VBM position in the WS2  layer from K to Γ point, 
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creating an indirect gap about 0.1–0.2 eV smaller than the direct gap (see Figure 3.8). 

Thus, for optical property that is dominated by the direct transition at the K point, the 

band offset concept may remain valid,94 but one has to take into account the indirect 

bandgap in transport measurements. 

 

Figure 3.8 Theoretical calculations for electronic structure of the MoS2/WS2 biliayer. 

 

3.5 Conclusion 

In summary, by using μ-XPS, in conjunction with scanning tunnelling spectroscopy, we 

have shown the capability to determine the band alignment in locally formed TMDC 

heterostructures. We determine a type-II alignment in WSe2/MoS2 with a VBO of 

0.83±0.07 eV and a CBO of 0.76±0.12 eV. We further discover that the TMDCs and the 

supporting graphite also form a semiconductor/semimetal heterostructure such that 

the transitivity hold for different heterostructures formed between SL-TMDCs and 

TMDC/graphite. Theoretical investigations show that the electronic band structure of 

the stacked TMDC bilayers containing different chalcogen species resembles a 
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superposition of the energy bands of individual layers, upholding the definition of 

semiconductor heterojunction. Quantitative agreement of VBO value is found between 

theoretical calculations and experimental measurements. 
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Chapter 4 : Band Alignment Prediction Model for TMDC HJs 

4.1 Introduction  

In this fast-growing field, determination of band alignment is of crucial importance. 

However, the experimental measurement as we reported in chapter 3 is time-

consuming, costly and relies on critical sample preparation procedures. Therefore, a 

workable model needs to be urgently identified for this fast growing research field. 

Anderson proposed that the band alignment in ideal bulk material HJ systems should be 

predicted by Anderson’s model, or named electron affinity rule (EAR).121 Base on the 

principle that the vacuum level lines up for the two materials after contact, electron 

affinity difference for the two materials thus gives a conduction band offset (CBO) and 

then the valence band offset (VBO) can be deduced by the bandgap difference. Yet, this 

model fails to predict the band alignment accurately in most cases because of the Fermi 

level pinning effect induced by charge transfer at the interfacial bonding.122-125 

Considering the unique nature of 2D materials where the weak van der Waals interface 

is atomically abrupt with no dangling bond, is Anderson’s model valid for 2D vertical HJs? 

In this work, we exam the feasibility of Anderson’s model on 2D vertical HJs. We start 

with the measurements of the valence band maximum (VBM) with respect to vacuum 

level for each individual TMDC films (MoS2, WSe2, and WS2) as we reported in chapter 

3,[Ref] followed by constructing the band alignment based on Anderson’s model. The 

predicted band alignments for various HJs (MoS2-WSe2 and MoS2-WS2) were then 

directly verified by experiments. The verification of Anderson’s model actually 
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corroborates the “free of dangling bond” nature of 2D layered materials. One can adopt 

the useful and simple Anderson model to design various 2D devices based on HJs. 

 

4.2 Sample Preparation and Characterization 

Large area and polycrystalline monolayer TMDC films (MoS2, WS2, and WSe2) shown in 

the photographs (Figure 4.1a) were grown on c-plane sapphire substrates by CVD.4, 5 

Both Raman and photoluminescence (PL) spectra for each of these as-grown TMDC films 

shown in Figure 4.1b,c confirm their monolayer characteristics.4, 18, 126 The uniformity of 

these monolayer films has also been verified by five points Raman/PL measurement (left, 

right, top, bottom, and center as specified in Figure 4.1a).  

 

Figure 4.1 CVD grown TMDC monolayer films and their optical characterization. (a) Photographs of the 

synthesized large-scale CVD MoS2, WS2, and WSe2 monolayers, respectively. (b) Raman spectra and (c) 

photoluminescence spectra for each TMDC film collected at five points (L, R, T, B, and C) as specified in 

the photographs. 
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To avoid the charging effect during ultraviolet photoelectron spectroscopy (UPS) and X-

ray photoelectron spectroscopy (XPS) measurements, the TMDC films were transferred 

from sapphire onto undoped silicon substrates while the native oxide on the silicon 

surface screens off the possible charge doping or perturbation from the substrate.[Ref] 

The structure of the stacked MoS2-WSe2 film is schematically illustrated in Figure 4.2a. 

Here, we separately prepared two groups of samples, the first group with individual 

TMDC films (MoS2, WS2, and WSe2) and the second group with vertical HJs by stacking 

one film onto another (MoS2-WS2 and MoS2-WSe2). Additional post annealing at 300 °C 

for 8 hrs in ultrahigh vacuum (1 × 10−9 𝑇𝑜𝑟𝑟) was required to remove the surface 

contaminations and enhance the interlayer coupling of the prepared vertical HJs.96 The 

Raman spectra for individual MoS2, WSe2 as well as MoS2-WSe2 HJs are presented in 

Figure 4.2b. The monolayer MoS2 film shows characteristic peaks at 385.3 cm−1 (E’ mode) 

and 403.3 cm−1 (A’1 mode) (upper curve) and the monolayer WSe2 film exhibits a 

degenerated peak at 250 cm−1 (E’ and A’1) (middle curve). The MoS2-WSe2 sample 

(bottom curve) shows all the characteristic peaks from individual MoS2 and WSe2 films, 

which assures that neither MoS2 nor WSe2 film is damaged during the sample 

preparation procedure. Similarly, MoS2-WS2 sample also shows all the characteristic 

peaks from individual MoS2 and WS2 (E1
2g with 357.6 cm−1 and A1g with 418.1 cm−1) films 

as revealed in Figure 4.2c. Note that the E’ peak of MoS2 on both MoS2-WSe2 and MoS2-

WS2 actually redshifts about 1 cm−1 after stacking, which infers the interlayer coupling 

between two TMDC films. PL in Figure 4.2d,e provides additional evidences proving the 

strong coupling effect since the PL intensities seriously quenched in both MoS2-WSe2 
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and MoS2-WS2 samples comparing to the spectra from individual MoS2 (1.88 eV), WSe2 

(1.65 eV), and WS2 (2.0 eV) monolayers. 

 

Figure 4.2 Optical characteristics of MoS2/WSe2 and MoS2/WS2 heterostructures. (a) Schematic 

illustration of the MoS2-WSe2 vertical heterojunction on silicon substrate. (b,c) Raman spectra of 

individual TMDCs and corresponding stacked TMDC heterojunctions. (d,e) Photoluminescence spectra of 

individual TMDCs and corresponding stacked TMDC heterojunctions. 

 

In addition, we perform a more detailed analysis on HJ samples (MoS2-WS2 and MoS2-

WSe2) before and after annealing (300 °C, 8 hrs) by XPS (Figure 4.3), both Mo3d and S2p 

core levels shift with equal amount after annealing. The consistent shift of Mo3d and 

S2p reveals that there is no chemical reaction during annealing process, only Fermi level 

shifts due to the removal of surface residues. However, from the XPS fitting results in 

Figure 4.4, we also observed that around 10% oxidation state (+6) for each TMDC film 

(MoS2, WS2, and WSe2) which presents as the forms of molybdenum (VI) oxide and 
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tungsten (VI) oxide, respectively. Since the TMDC films here are polycrystalline and the 

grain boundaries are believed to be more reactive, the oxidation state is likely 

contributed from the grain boundaries. 

 

Figure 4.3 XPS spectra comparison before and after post-annealing after 2D heterojunction formed. XPS 

spectra (a) Mo3d and (b) S2p of MoS2-WS2 heterostructure, (c) Mo3d and (d) S2p of MoS2-WSe2 

heterostructure. Black curve: before annealing. Red curve: after annealing. 
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Figure 4.4 XPS fitting of Mo3d in MoS2, W4f in WS2 and WSe2 monolayer films. (a) MoS2, (b) WS2 and (c) 

WSe2 are all fitted by mixed Lorentzian-Gaussian peaks. 

 

4.3 Band Alignment Predicted by Anderson’s Model 

First, we determine the VBM of each individual TMDC films including WSe2, MoS2, and 

WS2 by measuring their binding energy using UPS, where the results are shown in Figure 

4.5a. The VBM of each film with respect to Fermi level (EF) as zero energy point is 

extrapolated from the slope of the onset region to the background, where the VBM 

here is actually originated from the Γ point (abbreviated as VBM(Γ)) since the electron 

density-of-state at Γ point is much higher than that at K point. This also means that the 

photoelectron emission from VBM(K) is much weaker and hard to be detected;[Ref] 

thus, the extracted VBM(Γ) − EF are 1.44, 1.29, and 1.75 eV for WSe2, MoS2, and WS2, 

respectively, on the right hand side of Figure 4.5a. Besides, by subtracting the offset 

energies on the left hand side of Figure 4.5a (17.20, 17.00, and 16.96 eV for WSe2, MoS2, 

and WS2, respectively) from photon energy (21.2 eV) of the Helium I light source, the 
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work function (energy difference between vacuum level and EF) of TMDC films is derived 

as 4.00, 4.20, and 4.24 eV for WSe2, MoS2, and WS2, respectively. 

 

Figure 4.5 Band Offset prediction of TMDC heterostructures by Anderson’s model. (a) UPS spectra of 

each individual MoS2, WS2, and WSe2 films. (b) The predicted band alignment among three TMDC films 

with Anderson’s model. 

 

Base on the measured VBM(Γ) − EF and the work function for each TMDC, we can 

derived the expected band alignment for the HJs based on these TMDCs according to 

Anderson’s model. After the vacuum level lining-up, the valence band offset at Γ point 

(VBO(Γ)) between two TMDC materials is thus the difference of their VBM(Γ) with 

respect to vacuum level. The predicted VBO(Γ) of MoS2-WSe2 and MoS2-WS2 can be 

deduced as 

∆𝐸𝑉(𝑀𝑜𝑆2 − 𝑊𝑆𝑒2)𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = (4.2 𝑒𝑉 + 1.29 𝑒𝑉) − (4 𝑒𝑉 + 1.44 𝑒𝑉) = 0.05 𝑒𝑉 

∆𝐸𝑉(𝑀𝑜𝑆2 − 𝑊𝑆2)𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = (4.2 𝑒𝑉 + 1.29 𝑒𝑉) − (4.24 𝑒𝑉 + 1.75 𝑒𝑉) = −0.5 𝑒𝑉 
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where the positive value means the VBM(Γ) of MoS2 is lower than that of WSe2. Vice 

versa, the negative value means the VBM(Γ) of MoS2 is higher than that of WS2. 

Therefore, the Anderson’s model predicted band alignment can be depicted in Figure 

4.5b.  

In Figure 4.6a, we zoom in the Fermi-level region of predicted band alignment in Figure 

4.5b, the Fermi level differences −0.2 eV for MoS2-WSe2 and 0.04 eV for MoS2-WS2 are 

expected to drive the electron charge transfer (from WSe2 to MoS2 and from MoS2 to 

WS2) after the heterojunction formation. Hence, we further performed the XPS 

measurements before and after the MoS2 stacking onto WSe2 (WS2), as shown in Figure 

4.6b,c. The W4f peaks of the WSe2 film exhibits a red-shift of 0.26 eV after MoS2 is 

stacked on it. Inversely, the WS2 film shows a blue-shift of 0.09 eV after MoS2 stacking. 

Note that the red- and blue-shifts of the metal core level energy indicate the p-doping 

and n-doping, respectively. The opposite peak shifts for WSe2 and WS2 films are 

consistent with the band alignment predicted by the Anderson’s model (Figure 4.6a). 

The XPS results strongly support the band alignment prediction based on Anderson 

model and UPS measurements. 
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Figure 4.6 Charge transfer observation between TMDC heterojunctions by XPS. (a) Illustration of the 

predicted charge transfer path when films are contacted, which was extracted based on the Fermi-level 

differences shown in Figure 2b. (b,c) XPS spectra at W4f before (black) and after (gray) MoS2 stacking on 

WSe2 and WS2. Note that the peak at around 38 eV is contributed from the Mo4p of MoS2. 

 

4.4 Measurement of Band Offset by XPS 

To measure the TMDC HJ samples of MoS2-WSe2 and MoS2-WS2, we first adopt XPS to 

extract the binding energy difference between the core-level (Mo3d5/2, W4f7/2) and 

VBM(Γ) of each individual TMDCs as shown in Figure 4.7a, where we obtain the value 

31.61 eV for WSe2 (first curve), 228.71 eV for MoS2 (second curve), and 31.75 eV for WS2 

(third curve). Because these binding energy values should remain unchanged before and 

after HJs formation since there is no chemical reaction between two TMDC films, we can 
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derive VBO(Γ) after measuring the core-level differences of the HJs. So, the band offset 

determination of TMDC vertical HJ samples is achievable with the measured core-level 

differences (difference between Mo3d5/2 and W4f7/2), for various HJs; here we have 

197.12 eV for MoS2-WSe2 (forth curve) and 196.58 eV for MoS2-WS2 (fifth curve). 

Therefore, the VBO(Γ) of MoS2-WSe2 and MoS2-WS2 can be determined by the following 

calculation  

∆𝐸𝑉(𝑀𝑜𝑆2 − 𝑊𝑆𝑒2)𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 31.61 𝑒𝑉 + 197.12 𝑒𝑉 − 228.71 𝑒𝑉 = 0.02 𝑒𝑉 

∆𝐸𝑉(𝑀𝑜𝑆2 − 𝑊𝑆2)𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 31.75 𝑒𝑉 + 196.58 𝑒𝑉 − 228.71 𝑒𝑉 = −0.38 𝑒𝑉 

Similarly, the positive value means the VBM(Γ) of MoS2 is lower than that of WSe2 and 

vice versa. Then we can plot the experimental band alignments of TMDC HJs as shown in 

Figure 4.7b (Note that the conduction band offset can be also deduced once the band 

gap information is introduced). This experimental results of ∆EV(MoS2 −WSe2 ) and 

∆EV(MoS2 −WS2 ) are 0.02 and −0.38 eV, respectively, which are close to predicted 

results based on Anderson’s model: 0.05 and −0.5 eV. Note that the deviations are 

within XPS system uncertainty 0.15 eV. Therefore, we can conclude that the band 

alignment of 2D vertical heterojunction system follows the Anderson’s model. 
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Figure 4.7 Band offset measurement of TMDC heterostructures. (a) XPS spectra for the pure MoS2, WS2, 

and WSe2 films, the stacked MoS2-WS2 and MoS2-WSe2 heterostructures. (b) The diagram of measured 

band alignment among three TMDCs. 

 

4.5 Conclusion 

In conclusion, we have successfully verified that the Anderson’s model (EAR) is valid in 

vertical 2D heterojunction system since the weak van der Waals interface leads no 

charge transfer (no Fermi-level pinning). According to the Anderson’s model, CBO is the 

electron affinity difference, and the VBO is the superposition of CBO and bandgap 
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difference. That is, only two pieces of information are needed for constructing the band 

alignment of 2D HJs: electron affinity and bandgap as Anderson’s model suggested. 

With the model, one can quickly find the best combination of various 2D HJs for optical 

or electrical devices related to 2D vertical heterojunctions. 

 

  



85 
 

Chapter 5 : Metal Guided Selective Growth 

5.1 Introduction 

Since the demonstration of the vapor phase growth of small MoS2 monolayer flakes,5 

significant progress has been made, including the growth of large-area,24, 127 wafer-

scale,30, 128 and even roll-to roll TMDC monolayers.26 The direct growth of seamless 

junctions between two dissimilar TMDC monolayers have also been achieved,34-36, 60 but 

these processes are still not location-selective. A recent report has shown the 

conversion of two metal oxides on separate substrates to grow two types of TMDCs.129 

In this chapter, we develop a new growth method, so called Metal Guided Selective 

Growth (MGSG), to realize the concurrent growth of two TMDC layers, discover the 

growth mechanism, and demonstrate its powerful applications in constructing a 

complementary inverter. 

 

5.2 Location-Selective Growth of Various TMDCs  

Figure 5.1a illustrates the growth of typical TMDC monolayers such as MoS2, WS2, 

MoSe2 or WSe2 with the proposed MGSG, where a transition metal (Mo or W) of 50 nm 

thick on sapphire is patterned with photolithography. The growth is performed in a 

furnace-type chemical vapor deposition (CVD) system. Instead of using metal oxide 

(WO3 or MoO3) powders as the metal sources, the patterned metals can provide W or 

Mo to the local environment for TMDC growth.  
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Figure 5.1 Metal-guided selective growth of TMDC films. (a) Schematic illustration of the growth system 

and the metal-guided selective growth in a tube finance. (b) Top panel is the optical micrograph showing 

the growth initiates at the metal pad edges and in between two adjacent pads (growth time: 15min). The 

WSe2 monolayer crystals eventually merge as a film when the growth time extends to 60 min (bottom 

panel).  (c) The photos, Raman and photoluminescence (PL) spectra of four different large-area TMDC 

monolayers obtained with the MGSG method. 

 

Taking WSe2 growth as an example, the W metal pads are first heated to the reaction 

temperature 900 ⁰C under an Ar/H2 environment at 8 Torr (Ar: H2= 65 sccm:  5 sccm), 

where trace amounts of oxygen from air continuously leaking to the system first oxidize 

the W metal surfaces to form WOx (identified by Raman and XRD as monoclinic WO2.7 in 

Figure 5.2 for more arguments) during the heating process. After ramping up the 

temperature of Se powders, the Se vapors react with the WOx species evaporated from 

the oxidized W pads to form WSe2 monolayers. The local concentration of WOx vapors 

dominates the growth and hence the triangular WSe2 monolayers always initiate at the 



87 
 

metal pad edges and in between two adjacent pads. The WSe2 monolayer crystals 

eventually merge as a film when the growth time extends to one hour as shown in 

Figure 5.1b.  The provided metal pad is thick enough to deliver sufficient metal oxides - 

a centimeter sized area can be fully covered by WSe2 monolayer with extended growth 

time. Four typical TMDC monolayers can be easily grown with the MGSG method, where 

Figure 5.1c shows the photos, Raman and photoluminescence (PL) spectra of obtained 

TMDC monolayers. The Raman spectrum shows characteristic peaks for MoS2 at 384 cm-

1 (E’) and 404 cm-1 (A’1), for WS2 at 354 cm-1 (E1
2g) and 417 cm-1 (A1g), for MoSe2 at 240 

cm-1 (degenerated E2g and A1g) and for WSe2 at 250 cm-1 (degenerated E’ and A’1), 

proving that they are monolayers. The intense PL emission is located at 1.97 eV for WS2, 

1.83 eV for MoS2, 1.63 eV for WSe2 and 1.53 eV for MoSe2 respectively. 

 

Figure 5.2 Mechanism of Metal-Guided Selective Growth (MGSG) process. (a) Metal oxidation 

temperature profile. (b) Raman spectra of oxidized tungsten annealed with and without hydrogen. (c) XRD 

of WOx pads. (d) Schematic illustration of MGSG process with un-avoidable system leakage. 
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Since the metal oxide sources (metal pads) are right on the substrate surfaces and the 

metal edges readily serve as seeds for immediate lateral growth, MGSG can easily 

achieve the “location-selective growth”.  For the same reason, the growth of TMDC 

shows less substrate sensitivity. In addition to sapphire, we have verified that the 

growth can be achieved on arbitrary substrates including silicon dioxide, silicon nitride 

and hafnium oxide substrates (Figure 5.3). Note that the growth condition we used is 

optimized only for sapphire, which means the TMDC film can be further improved by 

optimizing the growth condition. The unique features of location-selective and 

substrate-insensitive growth benefit the direct and controlled growth of TMDCs for 

integrated circuit (IC) applications. 

 

Figure 5.3 WS2 grown on various substrates by the MGSG process. 
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5.3 Concurrent Growth of Dissimilar TMDCs and their HJs 

To further demonstrate the feature of selective growth, we show that it is possible to 

grow a lateral or a vertical heterojunction (HJ) with MGSG. Figure 5.4a illustrates the 

one-step growth of a lateral HJ in between W and Mo metal pads, where the WSe2 and 

MoSe2 grow along W and Mo pads respectively with the presence of Se vapors and the 

HJ forms after the two TMDCs join together. Figure 5.4b displays the top view of the HJ 

after isolation with photolithography, and the photoluminescence spectra in Figure 5.4c 

show that the region adjacent to W (Mo) is covered by WSe2 (MoSe2) with an alloy 

region (WxMo1-xSe2) at the center.  

 

Figure 5.4 Formation of WSe2-MoSe2 heterojunctions grown by MGSG method. (a) Schematic illustration 

of the one-step growth of a lateral HJ in between W and Mo metal pads. (b) Photo and (c) PL spectra of 

the obtained lateral HJ. (d) Schematic illustration of the one-pod and two-step growth of a vertical HJ. (e) 

Photos and a high resolution STEM image showing the structure of obtained WSe2-MoSe2 vertical HJ. (f) 

PL spectra of the obtained lateral HJ, where the PL at the HJ region (red dot) is intensity-quenched due to 

the layer-layer interaction. 
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Raman spatial maps in Figure 5.5 show that the center alloy region is around 40 μm 

across the 100 μm channel length between two metal pads. Figure 5.4d depicts the 

method to grow vertical HJs, where the MoSe2 first grow in between two Mo metal pads 

at 750 ⁰C. Then the sample was heated up to a higher temperature (850 ⁰C) to trigger 

the evaporation of WOx from an adjacent W pad to complete the WSe2 growth on 

MoSe2. Figure 5.4e displays the top view photo of the area which defines the growth of 

vertical HJs, where the TEM cross-section proves the success of growing WSe2/MoSe2 

bilayer HJs. The photoluminescence at the HJ region (red line in Figure 5.4f) is intensity-

quenched, which is due to the interlayer interaction as discussed in chapter 2. The 

Raman spectra also corroborate the success of HJ growth as shown in Figure 5.6. 

 

Figure 5.5 Raman spectra of lateral WSe2-MoSe2 heterojunction grown by MGSG method. (a) (upper) 

Optical image of WSe2-MoSe2 heterojunction.. (bottom) Raman spatial mapping of WSe2 at left and MoSe2 

at right. (b) Raman spectra of WSe2, alloy and MoSe2, marked as black, red and blue spots in (a). 
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Figure 5.6 Raman spectra of vertical WSe2-MoSe2 heterojunction grown by MGSG. 

 

The key feature of the MGSG is the capability to grow two TMDCs concurrently and 

location-selectively, which is advantageous for constructing a CMOS circuit. Figure 5.7 

illustrates the direct growth of both WSe2 and MoSe2 as p- and n-channel materials 

respectively. Pairs of W and Mo metals are patterned on desired locations on a sapphire 

substrate, followed by the concurrent growth of WSe2 and MoSe2 using MGSG with the 

heating profile same as lateral HJ growth discussed in Figure 5.4a. After an isolation 

process, p- and n-type monolayer TMDC films are obtained and ready for the inverter 

fabrication.  
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Figure 5.7 Location-selective growth of two separate TMDCs. W and Mo metals are patterned on desired 

locations on a sapphire substrate with photolithography, followed by the concurrent growth of WSe2 and 

MoSe2 using MGSG. The cell isolation process was then performed to define the active areas. 

 

The Raman spectra collected from various sites in both WSe2 and MoSe2 areas (Figure 

5.8) confirm that no obvious alloy structure forms in each area.  The Raman spatial maps 

for WSe2 at 250 cm-1 and MoSe2 at 240 cm-1 show that two TMDC films are uniformly 

distributed over the desired area. The PL spectra in Figure 5.8 for both areas also 

corroborate the success of growing WSe2 and MoSe2. 

 

Figure 5.8 Raman and PL spectra of WSe2 and MoSe2 selective area growth. (a) Optical image of WSe2 

and MoSe2 selective area growth. Raman spatial mapping of (b) WSe2 and (c) MoSe2. Raman five points 

line scan of (d) WSe2 and (e) MoSe2. PL line scan of (f) WSe2 and (g) MoSe2. 



93 
 

5.4 Complimentary Inverter Demonstration 

Note that the metal source (W and Mo pads) after MGSG are no longer conductive; thus 

new contact metals are required. To form the ohmic contact to p-type WSe2 and n-type 

MoSe2, Palladium (Pd) and Nickle (Ni) are selected as source/drain electrodes.92, 130 A 

complementary inverter can be constructed as shown in the photo and device 

schematic configuration in Figure 5.9, where the ionic liquid 1-Ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl) imide (EMIM/TFSI) is used as the gate 

dielectric layer on top. Before adding the ionic liquid, the output currents for WSe2 and 

MoSe2 are collected separately.  

 

Figure 5.9 Complementary inverter demonstration grown by MGSG method. (a) Schematic illustration 

and a photo of the complementary inverter based on WSe2 and MoSe2 grown by MGSG. (b) The transfer 

curves of electric double layer transistors (EDLTs) of the WSe2 and MoSe2. (c) A typical inverter behavior is 

obtained with Vin= 3V, where the measured Vout is larger than 2 V at logic state “0”, and Vout is close to 

zero at logic state “1”. (d) The output voltage dependence on input voltage, where the transition voltage 

is about half of Vdd. A high voltage gain of 23 is achieved. 
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As shown in Figure 5.10, the increase in the output current of MoSe2 suggests its n-

typed characteristics when the environment changes from air to vacuum, i.e. removal of 

the oxygen p-dopants.131 In contrast, the output current in WSe2 decreases, indicating 

that it is initially p-typed. After adding the ionic liquid gate dielectrics, the transfer 

curves (Figure 5.9b) of the electric double layer transistors (EDLTs) based on MoSe2 

show a unipolar n-type behavior with a subthreshold swing (SS) of 98 mV/dec and 

electron mobility of 10.68 cm2V-1s-1. Consistent with literature,4 an ambipolar behavior 

of WSe2 EDLT with a stronger p field-effect transistor (pFET) feature is observed, where 

the SS and hole mobility are extracted as 208 mV/dec and 11.49 cm2V-1s-1. The 

combination of a WSe2 pFET and a MoSe2 nFET enables the inverter operation. In our 

experiment, a supply voltage Vdd is 3 V, the input voltage (Vin) =0 V represents the logic 

state “0”, and Vin=3 V represents the logic state “1”. A typical inverter behavior is shown 

in Figure 5.9c, where the measured Vout is close to 2.5 V at logic state “0”, and Vout is 

close to zero at the logic state “1”.  Figure 5.9d presents the output voltage dependence 

on input voltage, where the transition voltage is about half of Vdd. The Vout is close to 2.5 

V with a low Vin (< Vdd/2), and Vout is close to 0 V when Vin is larger than Vdd/2. A high 

voltage gain of 23 (calculated by dVout/dVin) is achieved with near ideal noise margins 

NML = 0.303 Vdd and NMH = 0.369 Vdd. This is the first complementary inverter 

fabricated using location-selective and bottom-up grown TMDCs, which are scalable for 

device fabrication. The performance of our complementary inverter device is 

comparable to those obtained by using transfer methods or other non-scalable 

approaches (Figure 5.11). 
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Figure 5.10 Output curves of TMDC EDLTs. Two-terminal ID-VD plot of (a) WSe2 and (b) MoSe2 EDLTs in 

linear scale. (Inset is plotted in log scale.) 

 

 

Figure 5.11 Benchmark of Hetero-TMDC inverter.35, 132-137 
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5.5 Conclusion 

In conclusion, we report a new method, metal-guided selective growth, to realize the 

location-selective and simultaneous growth of two dissimilar TMDCs in one step CVD 

process. This method offers a new perspective to control delivery sequence of different 

precursors, capable of growing various structures including lateral and vertical HJs, and 

two types of FETs concurrently.  Indeed, the challenging growth of wafer-scale 2D 

TMDCs required by the top-down device fabrication may not be necessary anymore 

because MGSG exhibits the IC-compatible and bottom-up growth features, which open 

the route for scale-up fabrication of TMDC-based circuits. 

  



97 
 

Chapter 6 : Summary 

6.1 Summary 

To summarize this thesis, because heterojunction band offset is the key parameter for 

designing HJ-based electronic and photonic devices, and because accurate 

determination of this parameter is critically important, we have comprehensively 

studied the coupling effect and band alignment of TMDC heterostructures. The 

interlayer coupling between TMDC heterostructures has been investigated, and then 

the real band alignment has been quantitatively determined. In addition, we have 

further proven the feasibility of Anderson’s model to predict band alignment among 

various members of the 2D family, so now it is easy to find the best combination of 

TMDC HJ for future electronic and optoelectronic applications. 

In Chapter 2, we have used Raman and PL spectroscopy to analyze the coupling effect 

between dissimilar TMDCs stacked heterostructure. Vertical stacked 2D 

heterostructures prepared by the transfer method were found to behave as individual 

monolayers. A post-annealing treatment has been shown to enhance the coupling effect 

between the two monolayers based on the observation of shift in Raman and intensity 

quenching in PL spectra. Interestingly, the characteristic Raman signature at 309 cm-1 

(WSe2 A2
1g), 463 cm-1 (MoS2 A2

1g), and 286 cm-1 (MoS2 E”) suggests that heterostructural 

stacking imposed similar symmetry changes as homo-structural stacking. 
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In Chapter 3, we have determined the real band alignment in stacked TMDC 

heterostructures. In single-layer (SL) TMDCs, the DOS near the VBM had a complicated 

line shape due to the different characteristics of the states near points Γ and K. We have 

utilized the scan tunneling microscopy/spectroscopy (STM/S) technique to determine 

the quasi-particle bandgaps and energy differences between the VBM at points Γ and K, 

with consistency from the first principle calculation. Combined with micron-beam X-ray 

photoelectron spectroscopy (μXPS), we have deduced the precise band offset values of 

WSe2/MoS2, including a VBO of 0.83±0.07 eV and a CBO of 0.76±0.12 eV. We have 

further discovered that the TMDCs and supporting graphite also form a semiconductor-

semimetal heterostructure, such that the transitivity hold for different heterostructures 

formed between TMDCs and TMDC-graphite. 

The discovery of the feasibility of commutativity and transitivity on TMDC HJ and TMDC-

graphite HJ suggests the absence of fermi-level pinning effect in such van der Waals 

heterostructures. In Chapter 4, we have successfully provided evidence that Anderson’s 

model is valid for vertical 2D heterostructure band alignment prediction. Anderson’s 

model suggests that the CBO is the electron affinity difference and the VBO is the 

superposition of CBO and bandgap difference. For future 2D heterostructure-based 

device research, only two pieces of information are required to quickly determine the 

most suitable combination of various 2D HJs.  

Lastly, according to drawbacks of the current synthetic method, we have developed a 

breakthrough method, so-called “metal guided selective growth (MGSG)”, to overcome 



99 
 

these common issues. Although the conventional synthetic method allows two different 

TMDCs to grow or even heterojunctions to form, it is not possible to control the growth 

region of each TMDC; the limitation restricts the possibility of industrial applications. In 

Chapter 6, the newly developed MGSG method exhibited high growth-area 

controllability of dissimilar TMDCs. We have successfully grown area-selective p- and n-

type TMDCs in one step, and we have further demonstrated a bottom-up 

complementary inverter for the first time. 
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