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Abstract 

 

The ongoing scaling of silicon-based metal-oxide-semiconductor field-effect transistor is 

hindered by the serious short channel effect in sub-10 nm channel length. The discovery of 

graphene raised the booming development of 2D materials which have the merits of high 

mobility, efficient current regulation and high level of integration. However, the 

performance of 2D materials in electronic and optoelectronic applications still need to be 

improved, which is the aim, such as high mobility, high sensitivity and high gain, of this 

thesis. 

 

Firstly, the aim of the first work is to improve the FET performance of MoS2 via contact 

engineering of metal/semiconductor (M/S) vdW heterostructure with an atomically sharp 

interface prepared by CVD method. M/S vdW contact has shown great advantages, such 

as good stability, larger size and clean interface, in the improvement of M/S contact. In the 

CVD synthesis, M/S TMDC vdW heterostructures were less explored due to the high 

melting points and low chemical reactivity of metal oxide feedstocks and the crystal lattice 

mismatch. In this work, for the first time, the M/S TMDC vdW heterostructure NbS2/MoS2 

was synthesized via a one-step halide-assisted CVD method. OM, SEM and XPS were 

used to identify the M/S vdW heterostructure. This method provides high crystal quality 

and clean interface of the heterostructure, confirmed by STEM characterization. A growth 

mechanism was proposed that MoS2 finished the growth first and subsequently served as a 

superior substrate for the growth of NbS2, verified by Raman mapping. The PL and device 

measurement provided physical supports of the M/S vdW heterostructure. 

 

Secondly, the aim of the second work is to achieve high photodetector performance of 

Bi2O2Se via transferring high-quality Bi2O2Se onto 280 nm SiO2/Si substrate (Si substrate) 

by a non-corrosive method. In the chasing of high-mobility 2D semiconductors, 

competitive candidate CVD-grown Bi2O2Se has superior stability and high mobility, which 

surpass that of MoS2. However, the photodetector performance of Bi2O2Se regarding on/off 

ratio and specific detectivity was limited by the large dark current. Compared with f-mica 

substrate, Si substrate possesses inherent back gating, which could be used to reduce the 
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dark current. However, the hazardous and corrosive HF will etch Bi2O2Se during the 

transfer, which has been verified by OM, Raman and STEM characterizations. Therefore, 

a non-corrosive PS-assisted method was developed. The as-transferred Bi2O2Se retained a 

high quality and showed ultrasensitive phototransistors performance, including high 

responsivity of 3.5×104 AW−1, high photoconductive gain of 8×104, and fast response rate 

of sub-millisecond. On Si substrate, the dark current could be reduced to several pA via 

back gating, which yields an ultrahigh specific detectivity of 9.0×1013 Jones. This is one of 

the highest values among 2D material photodetectors and two orders of magnitude higher 

than that of other CVD-grown 2D materials.  

 

Thirdly, the aim of this work is to improve the performance and stability of the CMOS 

inverters based on 2D semiconductors. Although many 2D semiconductors have shown 

high CMOS inverter performance, such as MoS2, WSe2, MoTe2, their stability is not 

satisfactory. In this work, CMOS inverters based on high-mobility and stable n-type 

Bi2O2Se were demonstrated with clear signal inversion on both f-mica and silicon substrate. 

On f-mica substrate, under the gating of ion liquid, a gain of 3.5 can be obtained at the 

supply voltage of only 1.0 V. Dynamic voltage response at the frequency of 100 Hz shows 

good response with almost no voltage lose. On silicon substrate, the CMOS inverter 

showed a high gain of 2.2 at the supply voltage of 5.0 V, a high noise margin of 5.2 VDD 

and a low power consumption at the order of 10-9 W.  

 

 

 

 

 

 

 

 

 



  Lay Summary 
 

iii 

 

Lay Summary 

 

The miniaturization of the microchip is encountering the problem of high power 

consumption. The chasing of new candidates has been a hot research topic in recent few 

decades. The discovery of graphene raised the boom development of atomically thin 

materials (2D materials) because these materials have high switch rate, efficient current 

control and high level of integration. Nevertheless, their performance in electronic and 

optoelectronic applications still need to be improved, which is the aim of this thesis. 

 

The contact between the metal electrode and the semiconducting 2D materials is key to the 

performance of the transistors based on 2D materials. It has been found that the contact 

between metallic 2D materials and semiconducting 2D materials are much better than the 

metal and 2D material contact. The difficulty of this 2D metallic and semiconducting 

contact is the synthesis of the metallic 2D materials. In this work, a one-step method has 

been developed to synthesize the material with 2D metallic and semiconducting contact. 

Many characterization techniques have proved the high quality of the obtained materials. 

Moreover, this material with 2D metallic and semiconducting contact could be prepared 

with large size. Therefore, it is an essential step for the improvement in the contacts of 2D 

materials. 

 

A new 2D semiconductor has shown very good response in the light detection. However, 

this material has high power consumption even when it is not working. By transferring this 

material to a new substrate, the power consumption could be effectively reduced. 

Unfortunately, this material will be etched during the conventional transfer. In this work, 

a non-corrosive method has been developed to transfer this material onto the new substrate. 

It is found that the as-transferred material maintained a high quality. In addition, the 

performance of this material in the detection of light has been significantly improved.  

Therefore, a high-performance photodetector with low power consumption has been 

demonstrated. 
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Currently, 2D materials used for some specific electronic application were limited by their 

poor stability. As this material has superior stability and at the same time high-speed switch, 

it was applied in an electronic application. It has been proved that this material has shown 

high potential, but the performance is the level it should be. The reason may be the 

dielectric layer which plays a significant role in this application. In the future, by 

encapsulating better dielectric layer, the performance in this application should be much 

improved.  
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Chapter 1 

 

Introduction 

 

This chapter will provide a brief introduction to the framework of this 

thesis: First of all, the hypotheses of this thesis, such as the chemical 

vapor synthesis of 2D transitional metal dichalcogenides metal/ 

semiconductor vdW heterostructure and ternary compound, the non-

corrosive transfer of Bi2O2Se, the back gate contribution to the 

photoresponse performance of Bi2O2Se and the CMOS inverter 

performance of Bi2O2Se will be discussed; Based on these, the objectives 

and scope of this thesis will be described; Then the overview of this 

dissertation will be provided; And finally, the findings and outcomes are 

summarized.  
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1.1 Problem Statement and Hypothesis 

 

As the miniaturization of silicon devices is hindered by the increasing leaking current,[1] 

two-dimensional (2D) materials have drawn tremendous interests in the next-generation 

electronic and optoelectronic application[2-5] owing to their diverse electronic properties,[6,7] 

dangling free surface and atomic thickness, which brings the virtues of high mobility, 

efficient vertical gate regulation, high integration level. For instance, transitional metal 

dichalcogenides (TMDCs), ranging from superconducting NbSe2,
[8,9] semimetallic 

MoTe2,
[10] semiconducting MoS2

[3] and charge density wave (CDW) TaS2,
[11] provide wide 

choices for researchers to explore. Bi2O2Se, a new member of 2D materials, which 

possesses a high mobility while has superior stability in ambient condition,[12-14] shows 

high potential in lots of applications. In the preparation of 2D materials, compared with the 

mechanical and liquid exfoliation methods, chemical vapor deposition (CVD) has proven 

surpassing advantages in the synthesis of TMDC van der Waals (vdW) heterostructure 

(larger scale, interlayer orientation control and clean interface)[15-19] and also the synthesis 

of ternary compounds (good chemical stoichiometric ratio).[20] Here the hypothesis is that 

CVD could be applied in the synthesis of novel metal/semiconductor TMDC vdW 

heterostructure and new 2D ternary compounds. Then the applications of these new 2D 

vdW heterostructures and ternary compounds will be explored. 

 

TMDC vdW heterostructure, vertically stacked by diverse TMDC, have shown great 

potentials on novel physical applications and next generation optoelectronic devices such 

as atomically thin P-N junction.[21-23] However, to date, almost all the TMDC vdW 

heterostructures prepared via CVD method are focused on semiconductor/semiconductor 

vdW heterostructure[16-19] while metal/semiconductor (M/S) counterparts are less explored. 

The reason might be the high melting point and low chemical reactivity of metal oxide 

precursors and the crystal lattice parameters mismatch in the preparation of M/S vdW 

heterostructures. Hence, the hypothesis here is that by utilizing fluxing reagent,[27-30] the 

drawbacks of the metal precursors will be overcome and the sequent growth of MoS2 and 

NbS2 could be achieved via regulating the growth time and temperature. As M/S vdW 

contact owns an atomically sharp interface, which is expected to eliminate the Fermi level 
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pinning effect.[24]   Therefore, the hypothesis here is by choosing suitable metallic TMDC 

with suitable work function, this M/S vdW contact will lead to a good contact between the 

metal and the semiconductor, which will definitely improve the field-effect transistor (FET) 

performance of the TMDC semiconductor.[25,26] 

 

Although graphene has a very high mobility,[31] the lack of an energy band gap leads to a 

high off current and small on/off ratio, which is not suitable for the application of 

photodetector.[32] Thus, the seeking of high mobility 2D material with a finite band gap has 

become a hot research topic.[33,34] While MoS2 has limited performance even after the 

device optimization. the new competitive candidate Bi2O2Se has suitable band gap and 

high mobility. Bi2O2Se has been prepared with a large scale on the fluorine mica (f-mica) 

substrate and also proved to have good photoresponsivity.[35] However, the large dark 

current limits its performance regarding on/off ratio and specific detectivity. Although a 

gate configuration can be used to regulate the dark current, it is difficult to realize on f-

mica substrate in the photoresponse application. As the 280 nm SiO2/Si substrate (Si 

substrate) possesses inherent back gating, if Bi2O2Se can be transferred onto Si substrate, 

not only the optoelectronic performance could be much improved, but also the applications 

of Bi2O2Se will be broadened since almost all integrated circuits are rooted in the silicon 

substrate. In the wet transfer of Bi2O2Se, hydrofluoric acid (HF) becomes the only f-mica 

etchant, due to the inertness of f-mica and strong electrostatic interaction between the 

sample and the substrate. Nevertheless, the highly corrosive HF which has the ability to 

penetrate issues is hazardous to handle.[36] More importantly, since HF is well known as 

one component of typical buffered oxide etchant (BOE), Bi2O2Se will be inevitably etched 

by HF during the transfer process.[37] Hence, the hypothesis here is CVD-grown Bi2O2Se 

could be transferred onto silicon substrate via a save and non-corrosive method. And the 

hypothesis here is the back gating provided by silicon substrate will lead to better 

performance of the phototransistor, especially the dark current and specific detectivity. 

 

Bi2O2Se has shown high FET performance (high mobility and high on/off ratio), which is 

of high potential in amounts of electronic applications, such as complementary metal oxide 

semiconductor (CMOS) inverters. As Bi2O2Se shows n-type behavior, a p-type TMDC 
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WSe2 was chosen to fabricate the CMOS inverter. The hypothesis here is that the high-

performance n-type and p-type channel will match well (good symmetry of the FET curve) 

and show high CMOS inverter performance with a high gain. Also, different dielectric 

layer is expected to bring different performance when keeping the same channel material. 

Moving further, Bi2O2Se on the silicon substrate was also used to fabricate CMOS inverter 

and to examine the possibility of integration with the state-of-the-art silicon technologies.  

 

1.2 Objectives and Scope 

 

Based on the hypotheses mentioned above, the objectives and scope will be discussed 

below: 

 

First, with the addition of NaCl, the drawbacks of the metal oxide (Nb2O5) precursor (high 

melting point and low chemical reactivity) will be overcome, as metal oxychloride 

(NbOCl3) has much lower melting point and higher chemical reactivity than metal oxide. 

After the growth condition (time and temperature) is figured out, MoS2 is chosen as the 

epitaxy growth substrate since MoS2 shares close crystal lattice parameters and same anion 

with NbS2. Moreover, the growth temperature of MoS2 is much lower than that of NbS2, 

which allows the sequential growth to form a vdW heterostructure instead of in-plane alloy. 

Besides, this sequential growth which reduces the possibility of interlayer alloying will 

produce a high-quality interface. This high-quality interface in the vdW heterostructure 

will facilitate the contact between the metal and the semiconductor.  

 

Second, after the successful synthesis of Bi2O2Se using Bi2Se3 and Bi2O3, material 

characterization, such as optical microscopy (OM), atomic force microscopy (AFM), 

Raman spectrum and scanning transmission electron microscopy (STEM) will be 

conducted to verify the quality of the obtained sample. Also, the etching effect of HF acid 

in the wet transfer process will be verified by the corresponding characterization techniques. 

Thus, a non-corrosive method utilizing polystyrene (PS) will be developed to transfer the 

CVD-grown Bi2O2Se onto silicon substrate. The as-transferred Bi2O2Se is expected to 

retain a high quality as the one on mica. In the photoresponse application, without gating, 
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the photoresponse will be tested concerning the Id-Vd curves and on/off response under 

different illumination powers and the response time test will be also performed by using 

the mechanic chopper. Both high photoresponsivity and fast response rate are expected. 

Then, with the back gate of silicon substrate, the phototransistor performance will be 

evaluated regarding the Id-Vg curves under different illumination powers. Both low dark 

current and high specific detectivity are expected. 

 

Third, two types of samples will be used to fabricate the CMOS inverters, the Bi2O2Se on 

f-mica and the as-transferred Bi2O2Se on Si substrate, to examine the dielectric layer effect. 

For the sample on f-mica, WSe2 will be transferred onto f-mica to form the p-FET. Under 

the gating of ionic liquid, both high mobility and good CMOS performance (high gain) are 

expected in the static behavior with a DC input.  Also, the dynamic behavior with an AC 

input will be tested based on same device. For the as-transferred sample on Si substrate, 

using the back gate of Si substrate, the static behavior and power consumption will be also 

tested and is expected to have good performance. The dielectric layer effect will be 

examined by comparing the performances of these two types of devices. 

  

1.3 Dissertation Overview 

 

This thesis is aimed to improve the performance of 2D materials in electronic and 

optoelectronic applications, such as high mobility, high sensitivity and high gain. The first 

work is focused on the contact engineering via the preparation of metal/semiconductor 

TMDC vdW contact by one-step CVD method. To achieve this, how to overcome the 

drawbacks of the metal oxide precursors by adding NaCl to the metal precursors is 

addressed. The second work in this thesis addresses the substrate engineering to improve 

the photodetector performance of Bi2O2Se. This was completed by developing a safe and 

non-corrosive method to transfer high-mobility CVD-grown Bi2O2Se onto Si substrate. 

The third work in this thesis is to improve the performance and stability of the CMOS 

inverters based on 2D semiconductors. 

 

Chapter 1 provides a rationale for the research and outlines the goals and scope. 
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Chapter 2 reviews the literatures concerning the rise of 2D materials as promising building 

blocks of next-generation electronic and optoelectronic application, and the contact 

engineering of MoS2 field-effect transistors, and the advantages of TMDC vdW contact, 

and the problems need to be solved in the preparation of TMDC vdW heterostructures, and 

the exploration of high-mobility 2D semiconductors, and the structure, properties and 

synthesis of Bi2O2Se, and the advantages of Bi2O2Se, and the problems and opportunities 

in the applications of Bi2O2Se.  

 

Chapter 3 provides detailed discussion on: (i) the CVD setup used in the synthesis part, 

and the model and the growth determinants, and (ii) the principles of the characterization 

methods including OM, SEM and EDS, AFM, Raman (single spectrum and mapping), 

Photoluminescence (PL single spectrum and mapping), XPS, STEM imaging and EDS 

mapping, and (iii) the device fabrication process (electron beam lithography (EBL)) and 

the measurement details.    

 

Chapter 4 elaborates the synthesis of 2D metal/semiconductor TMDC vdW heterostructure 

NbS2/MoS2 with a high-quality interface via a one-step CVD method. The high-quality 

interface provides a platform for the suppressing of the Fermi level pinning effect and the 

improvement of the metal/semiconductor contact. Detailly, this includes the breakthrough 

in the synthesis of metallic NbS2, and for the first time, the synthesis of 2D M/S TMDC 

vdW heterostructure NbS2/MoS2, and the characterization of this heterostructure, and the 

proposed mechanism for the epitaxy growth. 

 

Chapter 5 elaborates the CVD synthesis of high-quality Bi2O2Se on f-mica, the etching 

effect of HF acid during the wet transfer process and the new developed method for the 

transfer of Bi2O2Se onto Si substrate, and the ultrasensitive phototransistor performance of 

the as-transferred Bi2O2Se achieved with the assistance of the back gating of Si substrate. 

 

Chapter 6 elaborates CMOS inverter performance based on n-type Bi2O2Se and p-type 

WSe2 on both f-mica and silicon substrate, and the difference brought by the dielectric 
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layers (ion liquid on f-mica and SiO2 on Si substrate). 

 

Chapter 7 brings a conclusion to the whole thesis, addressing the outcomes again and 

analysing how these outcomes, to what extent, prove the hypotheses and what should be 

done next, and finally what are the opportunities in the future work. 

 

1.4 Findings and Outcomes/Originality 

 

Several novel outcomes in this thesis are summarized: 

 

1. The role of NaCl in reducing melting point and improving chemical reactivity of Nb2O5 

via forming NbOCl3 has been proved in the synthesis of large area metallic NbS2. And for 

the first time, 2D M/S TMDC vdW heterostructure NbS2/MoS2 has been prepared via a 

one-step CVD method and identified by OM, SEM, XPS. This one-step method provided 

high crystal quality and clean interface of the heterostructure, which was confirmed by 

STEM. The possible growth mechanism that owing to the difference of the growth 

temperature, MoS2 finished the growth first and served as a superior epitaxy substrate for 

the growth of NbS2 is proposed and examined by Raman spectrum and mapping. PL 

characterization and device measurement provide physical proofs of the M/S vdW junction. 

This method provides a high-quality metal/semiconductor interface for the improvement 

of the contact.  

 

2. The etching effect of HF acid to Bi2O2Se during the transfer process has been verified 

by OM, Raman and STEM characterizations. Based on this, a new non-corrosive method 

with the assistance of PS has been developed to transfer Bi2O2Se onto Si substrate. High-

performance phototransistors of the transferred Bi2O2Se have been demonstrated: (i) High 

responsivity of 3.5×104 AW−1; (ii) High photoconductive gain of 8×104; (iii) Fast response 

timescale of 0.308 ms for the rise and 0.448 ms for the decay times and (iv) With the back 

gating of silicon substrate, the dark current could be reduced to several pA, yielding an 

ultrahigh sensitivity with specific detectivity of 9.0×1013 Jones. Hence, the improvement 

of the photodetector performances by the back gating on Si substrate has been proved. 
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3. The CMOS inverters based on n-type Bi2O2Se and p-type WSe2 have been demonstrated 

on both f-mica and silicon substrates. On f-mica, the gain of the inverter in the static 

measurement (DC) could be as high as 3.5 under the supply voltage of only 1.0 V. The 

dynamic measurement (AC) also showed very almost no voltage lose at the frequency of 

100 Hz. On Silicon substrate, the CMOS inverter showed a high gain of 2.2 at the supply 

voltage of 5.0 V, a high noise margin of 5.2 VDD and a low power consumption at the order 

of 10-9 W. Further optimizations such as the usage of high-mobility p-type material (2D 

tellurene), encapsulation of high-κ dielectric layer and improvement of the WSe2 contact 

are properly to improve the performance of the Bi2O2Se based CMOS inverter.[38-41] 
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Chapter 2 

 

Literature Review 

 

This chapter reviews the literatures on the rise of 2D materials as 

promising building blocks of next-generation electronic applications, 

and the structures and properties of 2D TMDCs, and the contact 

engineering of MoS2 field-effect transistors, and the advantages of 

TMDC vdW contact, and the problems need to be solved in the 

preparation of TMDC vdW heterostructures, and the exploration of high-

mobility 2D semiconductors, and the structure, properties and synthesis 

of Bi2O2Se, and the advantages of Bi2O2Se, and the problems and 

opportunities in the applications of Bi2O2Se. 
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2.1 The Rise of 2D High-mobility Semiconductors 

 

As the silicon-based field-effect transistors (FETs) have been miniaturized to 14/10 nm 

nodes in industry (Figure 2.1), the supply voltage is lowered to 0.7 V to reduce the power 

consumption.[1,2] However, the thermal excitation mechanism results in the lower limit of 

subthreshold slope of 60 mV/dec at room temperature, which requires that the supply 

voltage should be larger than 0.64 V in order to meet the operating current requirement of 

International Technology Roadmap for Semiconductors (ITRS).[3,4] Therefore, to find 

suitable candidates to carry on the miniaturization has been a hot research topic in recent 

two decades. Low dimensional materials, such as zero-dimensional (0D), one-dimensional 

(1D) and two-dimensional (2D) materials, have come into being the research focus owing 

to the atomic thickness and novel properties brought by quantum confinement effect.[5] 

 

 

Figure 2.1 2010 ITRS summary of micro-processing unit half pitch and gate length trends.[6]  

Since graphene was discovered by Andre Geim’s group in 2004, the booming development 

of 2D materials was raised since then and the researches of 2D materials remain highly 

attractive in the last decades. [7-11] Graphene is single-layer form of graphite (one allotrope 

of carbon), in which carbon atoms are stacked in a honeycomb structure (Figure 2.2a).[12] 
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In momentum space, this structure symmetry gives rise to the formation of Dirac cones 

(Figure 2.2b)[10]  at the edge of Brillouin zone (Figure 2.2a). Hence, the effective mass of 

the electron at the Dirac points are zero, producing a very high mobility (2.0×105 cm2V-1s-

1, Figure 2.2c).[13] The merit of high mobility together with atomic thickness, flexibility 

and stability draw huge attentions in amounts of research fields, such physics, chemistry, 

materials and microelectronics.[14-22] It did deliver the goods, showing outstanding 

performance in almost all these areas, especially in the electronics and optoelectronics.[23-

27] This is because the nature of atomic thickness and non-dangling surface in graphene, 

which bring the advantages of high mobility, efficient gate regulation and higher level of 

vertical integration. 

 

 

Figure 2.2 The crystal structure and property of graphene. (a) The crystal structure and reciprocal 

space of graphene.[12] (b) The Dirac cones in the momentum space. Inset: the conduction and 

valence band meet at the Dirac point K.[21] (c-d) Comparison of mobility, bandgap and on/off ratio 

between graphene, black phosphorus, organics and TMDCs. Graphene has high mobility (up to 105 

cm2V-1s-1) but low on/off ratio (101~103).[13]  
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However, as mentioned above, the conduction and valence bands meet at the Dirac points, 

which leads to a zero bandgap of graphene (inset of Figure 2.2b). In FETs based on 

graphene, the lack of the band gap leads to a high off current and thus low on/off ratio 

(Figure 2.2c and 2.2d), which definitely limits the application of graphene.[7,28] Moving 

forward, layered transitional metal dichalcogenides (TMDCs) become new promising 

candidates since they possess diverse electronic properties, such as superconducting 

NbSe2,
[29] semimetallic MoTe2,

[30] semiconducting MoS2
[31] and charge density wave 

(CDW) TaS2,
[32] which provides a wide choice for the researchers. This is because of the 

versatile crystal structures and chemical compositions in TMDCs. Comparing with the 

semimetallic graphene, the semiconducting MoS2 became fascinating because of a direct 

bandgap of 1.9 eV and the on/off ratio could be as high as 106.[31] Therefore, many potential 

applications including FETs, phototransistors and CMOS inverters have been 

explored.[33,34] However, the Fermi level pinning (FLP) effect which is originated from the 

bad contact between the channel MoS2 and the metal electrode has become a major limiting 

factor. This significantly brought down the FET performance of MoS2. Many solutions, 

such as chemical doping,[35,36] phase engineering,[37,38] tunneling layer insertion[39] and 

vdW contact,[40] have been developed to improve the metal/semiconductor (M/S) contact. 

Among these methods, M/S vdW contact has shown surpassing advantages because of the 

good stability, larger size and clean interface. Moreover, it is highly possible to produce 

these M/S vdW heterostructures with CVD method.[39,41-44] Nevertheless, the synthesis of 

M/S vdW heterostructure is hindered by the high melting points and low chemical 

reactivity of the corresponding metal oxides and the crystal lattice. Therefore, it has 

become challenging but crucial to develop CVD method to synthesize high-quality TMDC 

M/S vdW heterostructures. 

 

Although MoS2 prepared by mechanical exfoliation has shown high potentials in the 

mobility and on/off ratio, it is not suitable for scale-up production. In contrast, CVD-grown 

MoS2 has been prepared with large area, their performances and stability are yet 

satisfactory. Hence, the chasing of large-area stable high-mobility 2D semiconductors has 

been continuously undergoing in the past few years.[37,45-51] Although 1T-PtSe2, PdSe2, 

black phosphorous (BP) and indium selenide (InSe)[45,49-51] have shown competitive 
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properties (high mobility and on/off ratio), they are either too expensive or not stable in the 

air condition. Moreover, these samples are all prepared by mechanical exfoliation, which 

is not proper for large-area production. Bi2O2Se, which is a new reported high-mobility 2D 

semiconductor prepared by CVD and has shown good stability, becomes coveted to the 

researchers.[52-55] The high mobility and good stability made it promising in the 

photodetector application. However, the high dark current which results in the low on/off 

ratio is a pressing problem need to overcome.[52,55] Besides, how to explore more promising 

applications of Bi2O2Se, such as CMOS inverters, become challenging but attracting. 

 

2.2 Contact Engineering of 2D TMDCs  

 

2.2.1 The Compositions, Structures and Properties of 2D TMDCs 

 

 

Figure 2.3 Element summary of TMDCs (MX2). M stands for 4B-7B and 10B transitional metal 

elements (marked with dark green color in the table) while X stands for 6A elements, namely, S, 

Se and Te (marked with orange color in the table).[56] Inset: the layered structure of TMDCs.[31] 

In fact, known as layered materials stacked like graphene, which means the interlayer 

interaction is the vdW force, TMDCs have been studied for several decades. The structure 

of TMDCs is shown in the inset of Figure 2.3.[31] TMDCs have a general formula of MX2, 

in which M stands for the transitional metal elements in the range of 4B-7B, and 10B while 

X stands for the chalcogen (6A) elements, namely, S, Se and Te (summarized in Figure 
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2.3).[56] Different combinations of metal elements and chalcogen atoms provide different 

properties. At the same time, the property of each combination also depends on the crystal 

structure that these two types of atoms adopt. 

 

 

Figure 2.4 Summary of general crystal structures of TMDCs. (a) Close packing of atoms in a single 

layer. There are two types of voids formed inter the atoms, marked with yellow and red color 

triangles (B and C voids). (b) Upper: three types of unit cells of monolayer with different stacking 

orders, in which AbA is noted as 1H, and AbC is noted as 1T. The distorted 1T is called 1T′. Lower: 

the side view of monolayer with three types of units, 1H, 1T and 1T′.[57] (c) Top view of crystal 

structures with three kinds of stacking orders, 1T, 2H and 3R.[58] (d) Sectional side view of 2H 

(AbA BaB) and 3R (AbA CaC BcB) structures.[59] 

In general, all the TDMCs crystallize in three types of structures, specifically, 1T, 2H and 

3R (Figure 2.4),[58] in which the front digits indicate the number of layers in the unit cell, 

while the capital letters (T, H and R) are short for trigonal, hexagonal and rhombohedral, 

respectively. According to the calculation and experiment data, the thickness of a 

monolayer sample is about 6.5~6.8 Å.[34] Intra each layer, the stacking orders of X-M-X 

could be AbA and AbC, in which A, B, C refer to the position or voids (Figure 2.4a) used 

in atom close packing (hexagonal close packing, HCP and facial-center cubic close packing, 

FCC), and chalcogen atom is noted as capital letter while metal is lowercase. Therefore, 

for the unit cell of each layer, the packing order of AbA (HCP) is a trigonal prism while 



Literature Review  Chapter 2 

 

 

17 

 

the packing order of AbC (FCC) is an octahedron (Figure 2.4b).[57] If the unit cell of the 

crystal is only one layer with intra-layer octahedral unit, it is noted as 1T (D3d, Figure 2.4b 

lower), while the one with intra-layer trigonal prism unit is noted as 1H (D3h). 2H and 3R 

are different inter-layer stacking orders of 1H that the layer stacking order of 2H is AbA 

BaB whereas that of 3R is AbA CaC BcB (Figure 2.4c and 2.4d).[58-60] Note that in some 

case, the size of the chalcogen atom is large, such as Te atom, the 1T structure will be 

distorted to release the repulsion, forming the more stable 1T′structure (Figure 2.4b). 

 

From the stacking orders in Figure 2.4b and 2.4d, it could be deduced that 1T and 2H are 

centrosymmetric while 1H and 3R are non-centrosymmetric, in which the broken inversion 

symmetry brings some charming properties of TMDCs, such as piezoelectricity, second 

harmonic generation (SHG) and spin polarization.[61-66] 

 

 

Figure 2.5 The orbital splitting of degenerated d orbitals and electron filling in CFT. In CFT, for 

1T (D3d) structure, d orbitals are split into two sets: 𝑑𝑥𝑦, 𝑑𝑦𝑧, 𝑑𝑥𝑧 , and 𝑑𝑥2−𝑦2, 𝑑𝑧2 , while for 1H 

(D3h) structure, d orbitals are split into three groups: 𝑑𝑧2 , 𝑑𝑥𝑦 and 𝑑𝑥2−𝑦2, 𝑑𝑦𝑧 and 𝑑𝑥𝑧. After the 

electrons are filled in (blue section), it could be summarized that group 5B in H and group 7B in T 

structure are metallic as their d orbitals are half filled, while group 4B in T, group 6B in H and 

group 10B in T are semiconducting.[34] 

Physical properties of materials are determined by their crystal structures. For instance, the 

electronic properties of TMDCs could be partially explained by using the crystal field 

theory (CFT).[34] In CFT, two important factors are considered: (i) the coordination 
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environment and (ii) the nonbonding d electrons involving the formation of chemical 

bonding. For the octahedral coordination (1T or D3d), because of the interaction which is 

originated from the orientations of the orbitals, d orbitals from the metal ion will be split 

into two sets of degenerated orbitals, 𝑑𝑥𝑦, 𝑑𝑦𝑧, 𝑑𝑥𝑧 , and 𝑑𝑥2−𝑦2, 𝑑𝑧2, while in 1H or D3h, 

they will be split into three groups of degenerated orbitals: 𝑑𝑧2, 𝑑𝑥𝑦 and 𝑑𝑥2−𝑦2, 𝑑𝑦𝑧 and 

𝑑𝑥𝑧 (Figure 2.5). The valence state of metal ions in MX2 is + 4. Therefore, the nonbonding 

d electrons are 0, 1, 2, 3 and 6 for group 4B, 5B, 6B, 7B and 10B elements, respectively. 

After the effective electrons are filled from low to high energy level, the energy of the 

orbital that the last electron is filled in is called the highest occupied molecular orbital 

(HOMO). According to CFT, the lower value HOMO is, the more stable this case will be. 

Hence, after comparing the HOMO of D3d and D3h for each metal, the conductive properties 

for elements in each group can be predicted: Group 5B in D3h and group 7B in D3d are 

metallic, i.e., 2H-NbSe2; Group 6B in D3h and group 4B, 10B in D3d are semi-conductive, 

such 2H-MoS2. However, this prediction is exclusive of the effect of the coordinating 

chalcogen atoms. Taking the latter into consideration, a bandgap of decreasing trend from 

S to Te can be observed (2H-MoS2 with 1.3 eV to 2H-MoTe2 with 1.0 eV).[67] Note that 

although this simple model help to understand the electronic properties, it might be not 

accurate. For instance, as it is known now, 1T-TiSe2 (4B) is a metallic conductor which has 

CDW.[68] 1T-ReS2 (7B) is semiconducting[69] while 1T-PtTe2 (10B) is metallic[70] according 

to the reports.  

 

In summary, the broad range of physics and electronic properties (metallic, semi-metallic, 

semiconducting, SHG,[71] CDW,[32,72-74] piezoelectricity, and spin polarization) has made 

2D TMDCs attractive and competitive. As discussed before, featured with a 1.9 eV direct 

energy bandgap and high on/off ratio, the FET performance and contact engineering of 

MoS2 will be discussed in the next section.  
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2.2.2 The Contact Engineering in MoS2 FETs. 

 

 

Figure 2.6 The FET performances of MoS2. (a) First layered MoS2 FET device.[75] (b) Schematic 

of the MoS2 FET device encapsulated by HfO2. (c) The device configuration of the encapsulated 

MoS2 device. (d) The FET Id-Vg transfer curve (back gating). The mobility of this encapsulated 

MoS2 is about 217 cm2V-1s-1 (top gating). (e) The FET Id-Vg transfer curve (top gating). The 

subthreshold slope with a value of 74 mV dec-1 could be obtained. 

MoS2 FET was first reported by K. S. Novoselov in 2005,[75] which showed a n-type 

semiconductor behavior and a gate regulation of the drain current. However, the mobility 

of the devices here is just about 0.5 to 3 cm2V-1s-1 (Figure 2.6a). Although this value was 

of consistency with the corresponding 3D crystal at room temperature, several factors may 

affect the FET performances, such as the Coulomb scattering, channel length and contact 

resistance. As the thickness decreases, the dimension of crystal is lowered and at the same 

time the Coulomb scattering increases, which reduced the mobility significantly. Therefore, 
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to improve the mobility, high-κ layer (Figure 2.6b)[31] was deposited on the surface of the 

MoS2 channel to suppress the Coulomb scattering. For example, by encapsulating a high-

κ HfO2 layer (Figure 2.6c), the mobility of MoS2 could be elevated to 200 cm2V-1s-1 and 

the on/off ratio could be as high as 108 (Figure 2.6d), as reported by Andras Kis’s group in 

2011. In addition, the subthreshold slope with a value of 74 mV dec-1, which is close the 

room temperature limit, was achieved (Figure 2.6e). Moreover, this method is also 

applicable to other high-κ dielectric materials, such Al2O3 and ZrO2. It is this work that 

showed the real potential of MoS2 FETs and inspired quantities of device optimization 

works later.  

  

The difficulty of this method is the absence of dangling bonds or other active sites for the 

deposition of high-κ dielectrics on the surface.[76] In addition to the encapsulation of the 

high-κ dielectric layer, many methods such as shortening of the channel length[77] and 

chemical doping[78] of the channel were also developed to improve the FET performance 

of MoS2. However, the most critical section should be the contact resistance between the 

metal electrode and the semiconductor channel, as it determines whether the charges could 

be easily conducted in the devices. 

 

In ideal situation, a contact barrier (Schottky barrier) will be formed when the metal and 

the semiconductor come into contact, which is expressed by the Schottky-Mott rule: ϕ B =

ϕ M −  χ, in which ϕ 
B

 is the Schottky barrier height (SBH), ϕ 
M

 is the work function of the metal 

and χ is the electron affinity. In practical condition, there will be inevitable interaction of the 

two materials in the interface. For example, in traditional bulk semiconductor, the surface 

dangling bonds will form covalent bonds with the metal (Figure 2.7a).[79] As the finite 

surface is different with the infinite bulk state, when contacted with the metal, to match the 

work function, the wave function of the surface states is altered and the forbidden gap states 

in the bulk become allowed at the surface, which is called the metal induced gap state 

(MIGS). The calculation revealed that the energy difference between the surface state and 

the valence band is always around 1/3 of the energy bandgap. As a result, despite of the 

metal used, the ϕ 
B

will not change according to the Schottky-Mott rule, which is called 

Fermi Level Pinning (FLP) effect. This leads to an obvious barrier in the interface (Figure 
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2.7d). The FLP effect can be quantified as the dependence of the ϕ 
B

 on the ϕ 
M

 by  S =

𝑑ϕB/𝑑ϕM, in which S = 1 corresponds to the Schottky limit, and normally if S is close to 

0, it is related to the FLP. 

 

 

Figure 2.7 The contact and band structure between the metal electrode and the semiconductor 

channel. (a) and (d) Metal and traditional bulk semiconductor. (b) and (e) Metal and layered TMDC 

(weak hybridization). A tunneling barrier and a flat band region could be observed due to the vdW 

gap between the metal and semiconductor. (c) and (f) Metal and layered TMDC (strong 

hybridization). The tunneling barrier and flat band region are eliminated owing to the strong 

hybridization of atom orbitals in the interface.[79]   

As the layered TMDC semiconductor is quite different with the bulk semiconductor, such 

as the atomic thickness and the vdW surface, the contacts between the metal and the layered 

semiconductor are expected to be different. From Figure 2.7b and 2.7c, different with the 

traditional bulk semiconductor, the contact between the metal and the layered TMDC 

semiconductor could be divided into two types: weak hybridization and strong 

hybridization, instead of forming chemical bonds. For weak hybridization, there is a vdW 
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gap existing between the metal and the channel, which is reflected as a tunneling barrier 

and a flat band region in the band diagram (Figure 2.7e). This will increase the contact 

resistance of the device. For strong hybridization, through the overlap of the orbitals of the 

metal and sulfur, the vdW gap is eliminated in this case and at the same time, the property 

of the TMDC under the metal is changed and become a new metallized state. Hence, the 

tunneling barrier is suppressed and there is not flat band after the tunneling barrier any 

more (Figure 2.7f). This greatly improve the contact between the metal and the channel. 

As a result, Ti or Cr as a strong hybridization layer is widely adopted to improve the n-type 

contact while MoOx is used for the p-type contact in the device fabrication. However, DFT 

calculation reveals the hybridization also lead to the charge redistribution at the surface 

(Figure 2.8a) and the gapped states of Mo d orbitals character (Figure 2.8b) due to the 

weakened interlayer Mo-S bonding. This results in a small deviation from the Schottky-

Mott limit (S=0.71).[80] 

 

 

Figure 2.8 The reason for the FLP in layered TMDCs. (a) The charge redistribution at the 

metal/semiconductor interface.[80] (b) The gap states of Mo d orbitals character (black dots) resulted 

from the weakened Mo-S bonding. (c) The damage to the semiconductor in the metal deposition 

process, which is proved in the cross-sectional TEM (e). (d) The S values of two different electrode 
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fabrication methods.[81] (f) The cross-sectional TEM of the interface between the transferred 

electrode and semiconductor.[82] 

Meanwhile, this strong hybridization relies heavily on the clean interface and high-quality 

surface of the semiconductor. In practice, it has been reported that the weak dependence of 

the ϕ 
B

 on the ϕ 
M

 (S=0.09) indicates the serious FLP in multilayer MoS2 (Figure 2.8d).[81] 

The reason might be the bad-quality interface caused by the contamination of organic 

residuals and the damage of the semiconductor surface during the ‘high-energy’ metal 

deposition process (Figure 2.8c), which has been identified by the cross-sectional TEM 

(Figure 2.8e). Alternatively, when the metal electrode was fabricated via a transfer method 

which prevented the surface from being damaged (Figure 2.8f), the device can achieve an 

almost Schottky-Mott limit with a S value of 0.96 (Figure 2.8d).[82] 

 

 

Figure 2.9 The contact improvement by phase engineering. (a) The optical image of 1T-2H MoS2 

heterostructure prepared by the intercalation of Li ions. (b) The contact resistance of 1T-2H contact, 

which is reduced to 200 Ω μm. (c) The FET Id-Vg curve of Au-2H and 1T-2H contact.[38] (d-e) The 

optical image and schematic of 1T′-2H heterostructure. (f) The temperature dependence of the 

conductance. The extracted Schottky barriers were 200 and 10 meV for 2H and 1T′  contact, 

respectively. (g) The temperature dependence of mobility of 2H and 1T′ contact.[37] 

Apart from the electrode transfer method, several methods have been designed to improve 
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the metal/semiconductor contact, including phase engineering, chemical doping, tunneling 

layer and vdW contact. As discussed before, different structures offer different properties. 

2H-MoS2 is a semiconductor while 1T-MoS2 is metallic. By intercalating lithium ions, 2H-

MoS2 can be converted into 1T-MoS2, forming an in-plane 1T-2H MoS2 heterostructure 

(Figure 2.9a).[38] As the metal electrode is deposited on the 1T region, the contact resistance 

is shifted to the 1T-2H heterostructure, which is reduced from 1.1 kΩ μm to 0.2 kΩ μm 

(Figure 2.9b). In the FET Id-Vg curve, under the gate of 30 V, the drain current is increased 

from 40 μA to 100 μA and the mobility is increased from 15 to 50 cm2V-1s-1. 

 

The same strategy was also applied in the 1T′ -2H MoTe2 heterostructure, where 2H-

MoTe2 was converted by shining a laser light (Figure 2.9d and 2.9e).[37] In this case, the 

Schottky barrier was lowered from 200 meV to 10 meV, which is smaller than the thermal 

excitation barrier. Since an Ohmic contact was achieved, the mobility was increased from 

1 to 50 cm2V-1s-1. Hence, phase engineering is an effective method to reduce the contact 

resistance. 

 

 

Figure 2.10 The contact improvement by chemical doping. (a) The Cl-doped MoS2 device. (b-c) 

FET Id-Vd curves of the Cl-doped and undoped MoS2 devices.[35] (d) The K-doped MoS2 device. (e-
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f) FET Id-Vd curves of the MoS2 device before and after K doping.[36] 

Chemical doping is widely used in the silicon-based metal oxide semiconductor FET 

(MOSFET) to improve the metal semiconductor contact. However, in layered material, it 

is hard to do the treatment due to the atomic thickness. Therefore, several surface doping 

methods were developed. As shown in Figure 2.10a, a few-layer MoS2 was first immersed 

in 1, 2-dichloroethane for 12 h.[35] The doping is originated from the filling of Cl atoms in 

the sulfur vacancies and since Cl atom has one more electron than S atom, it is a n-type 

doping. As compared in Figure 2.10b and 2.10c. the Cl-doped device showed much higher 

drain current (400 μA/μm) than the undoped device (60 μA/μm). Also, the reduced 

Schottky barrier could be seen from the linearity of the Id-Vd curve (Figure 2.10b). Another 

method using Potassium as the electron donor dopant was also developed, the drain current 

was elevated about 4 times thanks to the reduced barrier.[36] However, these two methods 

are limited by the poor stability of conductive phase (1T and 1T′) or the doped MoS2. 

 

 

Figure 2.11 The contact improvement by vdW contact. (a) The MoS2 device configuration using 

graphene as electrodes. (b-c) FET Id-Vg curves of the MoS2-graphene and MoS2-Ti devices.[40] (d) 

The MoS2 device configuration using h-BN as tunneling layer. (e) Cross-sectional HRTEM image 

of the interface between electrode and MoS2. (f) FET Id-Vd curves of the Ni/ h-BN/ MoS2 and Ni/ 

MoS2 devices. (g) The gate dependence of the tunneling energy (TE).[39] 
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In addition to the phase engineering and chemical doping, vdW contact which introduced 

2D metallic materials as electrodes was also developed. As shown in Figure 2.11a, 

graphene was applied as electrodes to contact the semiconductor channel instead of the 

direct contact of metal and channel. In this way, an atomic flat and high-quality interface 

was achieved, which eliminated the MIGS. Therefore, a much lower barrier together with 

a better FET performance was demonstrated in Figure 2.11b and 2.11c.[40] Interestingly, a 

high-quality interface could also be obtained via inserting a single or two layered h-BN 

between the metal electrode and the MoS2 channel (Figure 2.11d and 2.11e).[39] Taking 

advantages of the atomic thickness, the electron can tunnel through the h-BN layers and 

thus the Schottky barrier is reduced. As shown in Figure 2.11f, the FET performances of 

the tunneling device is much better than the Ni/Au direct contact. The tunneling barrier of 

31 meV (Figure 2.11g), which is close to the thermal excitation energy, accounted for the 

better performances. 

 

 

Figure 2.12 The contact improvement by vdW TMDC. (a) DFT DOS of NbS2 (metallic) and MoS2 

(semiconducting).[83] (b) NbS2 /MoS2 vdW heterostructure. (c) 2D metals approach the Schottky-

Mott limit in the contact with 2D semiconductor.[84] (d) The Au/Nb0.005W0.995Se2 /WSe2 structure 

with a p-doped contact layer Nb0.005W0.995Se2. (e) The working principle of the p-doped contact 

layer in reducing the contact barrier. (f) The FET Id-Vd curve of the device with a p-doped contact 

layer.[85]  
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Therefore, it turned out that a flat and high-quality interface plays a significant role in the 

contact improvement. As discussed above, TMDCs have wide range of electronic 

properties (Figure 2.12a), such as metallic TMDC (i.e. NbS2) and semiconducting TMDC 

(i.e. MoS2).
[83]  This provides a platform for the combination of various TMDCs to produce  

metal/semiconductor vdW heterostructures, in which a sharp atomic interface is expected. 

  

In DFT calculation, it has been reported that the MIGS is suppressed in the 2D vdW 

metal/semiconductor heterojunction, such as NbS2/MoS2 (Figure 2.12b).[84] This is because 

the interface in these heterojunctions are atomically sharp and the surface is almost defect-

free. Therefore, these 2D metal/semiconductor vdW heterostructures comply very well to 

the Schottky-Mott rule (Figure 2.12c). In addition, as the density of state (DOS) of the 2D 

metals is limited, which means the Fermi level of these metals as well as the contact barrier 

are gate tunable, it will be of great advantage in comparison with the traditional metal. In 

experiment, a p-doped WSe2 (Nb0.005W0.995Se2) layer was used as contact layer between 

the metal electrode and the semiconducting WSe2 (Figure 2.12d).[85] The working principle 

of this design is presented in Figure 2.12e, in which the Fermi level of p-doped contact 

layer is tuned by the gate voltage, leading to a smaller barrier between the electrode and 

the channel. Thus, the drain current as high as 320 μA/μm could be obtained at room 

temperature (Figure 2.12f). And the linear Id-Vd curve indicates a lower Schottky barrier. 

This p-doped contact layer proved the feasibility to achieve Ohmic contact via tuning the 

Fermi level of 2D TMDCs. 

 

Recently, a metal/semiconductor vdW heterostructure based on metallic NbS2 and 

semiconducting MoS2 was reported (Figure 2.13a),[44] in which the current rectification 

behavior reveals the existence of Schottky barrier (Figure 2.13b). And the height of the 

barrier was found out to be 0.5 eV via the measurement of Id-Vd curves under various 

temperatures (Figure 2.13c). Besides, the surface potentials (4.81 eV for NbS2 and 4.53eV 

for MoS2) were obtained by Scanning Kelvin Probe Microscopy (SKPM), the band 

structure of this heterostructure was depicted in Figure 2.13d. Finally, a metal 

semiconductor FET (MESFET) was demonstrated with a superior subthreshold slope (S.S) 

of about 67 mV/dec. The M/S junction as a gate in the MESFET also revealed the tunability 
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of the Schottky barrier height. 

 

 

Figure 2.13 The NbS2/MoS2 vdW heterostructure. (a) Schematic of the NbS2 /MoS2 vdW 

heterostructure device. (b) Id-Vd curve of the device show the current rectification behavior. (c) The 

deduction of the Schottky barrier by linear dependence of the current on temperature. (d) The band 

alignment of this heterostructure. (e) The Id-Vg curve of the MESFET. A superior S.S around 67 

mV/dec is obtained.[44] 

In summary, many methods including phase engineering, chemical doping, tunneling layer 

and vdW contact have been proved effective to reduce the contact barrier. Among these, 

vdW contact showed surpassing advantages in terms of not only the stability, but also the 

preparation, which will be discussed below.    

 

2.2.3 Problems in the Preparation of 2D vdW Contact 

 

As discussed above, the quality of the interface in the heterostructure relies heavily on the 

preparation process, which determines the performances of the semiconductor. The same 

as the preparation of individual layered TMDCs, the vdW TMDC heterostructures 

mentioned above were mainly prepared by two methods: mechanical exfoliation (ME) and 



Literature Review  Chapter 2 

 

 

29 

 

CVD method. 

 

ME is a method using the scotch tape to exfoliate the vdW layered single crystals to atomic 

thickness. As the interaction between the sample and the tape (or the targeted substrate) is 

larger than the weak vdW interlayer interaction, the layered single crystals will be 

delaminated as the exfoliation continues.[86-90] The preparation of 2D TMDC vdW 

heterostructure by ME is the sequential stacking of various layered materials (Figure 

2.14).[83] In this process, the first material was exfoliated directly onto the targeted substrate 

while the second material was exfoliated onto a soft and transparent substrate (i.e. PDMS). 

Then these two materials were aligned under the microscopy and later PDMS was lift up 

while the second material is left on the top of the first material, forming the vdW 

heterostructure. Besides, a vacuum annealing treatment could be conducted to improve the 

quality of the interface. 

 

 

Figure 2.14 The process of ME to prepare 2D TMDC vdW heterostructure. (a-c) The exfoliation 

of the first material. (d-e) The alignment of the second material. (f) The device fabrication.[83]  

This ME method can acquire heterostructures with high-quality crystal. Besides, the single 

crystals are much easier to grow using the chemical vapor transport (CVT) method.[91-95] 

As a result, this ME method is widely adopted in the preparation of TMDC vdW 

heterostructure,[96-100] such as most of the experimental samples aforementioned. 

Nevertheless, the drawbacks of this method are also obvious, the low yield and the possible 
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contamination of the interface. It is also hard to obtain heterostructure composed of two 

monolayer sample, which is a limitation of this method. 

CVD methods provide a good trade-off between the scalability and the crystal quality. 

Different with the exfoliation from crystal down to few-layer or monolayer sample (top-

down method), CVD method grows sample from single molecule up to the layered sample 

(bottom-up method). In the synthesis of the TMDC vdW heterostructures, CVD methods 

could be divided into three main types, chalcogenization method, step-by-step method and 

one-step method. 

 

 

Figure 2.15 The selenization of the pre-deposited metal precursors. (a) Schematics of selenization 

of pre-deposited Nb2O5 and WO3 vertical heterostructure to produce the NbSe2/ NbxW1-xSe2/ WSe2 

vdW heterostructure.[101] (b) The cross-sectional STEM image of the interface in the obtained 

heterostructure, which clearly shows the mixing behavior of the W and Nb atoms.  (c) The line 

intensity profile of (b) and the simulation image, which match well with the STEM image. (d) The 

EELS spectrum demonstrates the coexistence of three elements W, Nb and Se.[102] 

The first method is the chalcogenization (sulfurization or selenization) of the pre-deposited 

metal precursors. As shown in Figure 2.15a, the metal oxides WO3 and Nb2O5 were first 

deposited in sequence to form a vertical heterostructure on the substrate. This was followed 

by the selenization of the obtained metal oxide heterostructure to prepare the NbSe2/ 

NbxW1-xSe2/ WSe2 vdW heterostructure.[101] It is much easier to synthesize the 

heterostructure by this chalcogenization method since the reaction is much easier to 

undergo. This method can be used to design the patterns, to control the thickness of the 

heterostructure and even for the mass production. More importantly, it is versatile to 



Literature Review  Chapter 2 

 

 

31 

 

prepare heterostructure composed of different metal elements and properties, such as p-n 

junction and M/S junction. However, it is hard to acquire high-quality crystal since the 

deposited metal layers are polycrystalline and nonuniform, the obtained heterostructure is 

also polycrystalline. Besides, it is also hard to obtain high-quality interface by this method 

because of the serious interlayer alloying at the interface. This has been exemplified by 

STEM image which provides firm evidence of the interlayer mixing behavior of W and Nb 

atoms at the interface (Figure 2.15b).[102] It was also verified by the line intensity profile 

(Figure 2.15c) and the electron energy lose spectroscopy (EELS, Figure 2.15c). 

Furthermore, it is hard to get a thin sample, especially the monolayer sample. 

 

 

Figure 2.16 The WSe2/MoSe2 heterostructure prepared by the step-by-step sequential growth 

method. (a) The schematic of the step-by-step sequential growth. (b-d) The optical images of pure 

MoSe2, type I and type II WSe2/MoSe2 heterostructure. [103] 

The other two methods are all-vapor method, which are the sequential growth of the two 

materials. More detailly, the first material grows first and serves as the epitaxy substrate 

for the growth of the second material. Figure 2.16a depicts the step-by-step method,[103] in 

which the first material is grown and taken out from the chamber (Figure 2.16b), and 

reloaded in the chamber again for the second experiment. The requirement of the isolation 

in the growth temperature of the two materials by this step-by-step method is not rigorous, 
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which provides more choices in the selection of materials. However, as shown in the Figure 

2.16a, it is hard to control the mode of the growth (in-plane or vertical). Hence, both the 

type-I and type-II structures are the mixture of in-plane and vertical heterostructures 

(Figure 2.16c and 2.16d), which may be ascribed to the contamination of the sample surface 

and edge after the first material is taken out. 

 

Different with the step-by-step method, Figure 2.17a shows the process of one-step growth 

method, in which precursors of MoS2 and WS2 are loaded at the same time and the 

MoS2/WS2 vdW heterostructure are prepared by the sequential growth of the two materials 

in one time due to the different growth temperatures. The clear difference in contrast 

between MoS2 and WS2 can be seen in the optical image (Figure 2.17b). STEM EDS 

mappings of elements Mo, W and S prove the vertical stacking of this heterostructure 

(Figure 2.17c-e).[104] The key control of this one-step growth is the difference in the growth 

temperature. As a result, MoS2 finished the growth first and served as the epitaxy substrate 

for WS2. In this case, a cleaner interface and a higher quality of the individual layers are 

expected in comparison with the sulfurization method. Compared with the step-by-step 

method, much purer phase of vertical heterostructure is expected in this one-step method. 

 

 

Figure 2.17 The WS2/MoS2 vdW heterostructure prepared by the one-step method. (a) The 

schematic of the one-step sequential growth.[105] (b) The optical image of the obtained WS2/MoS2 

vdW heterostructure. (c-e) STEM EDS mappings of elements S, Mo and W.[104] 

In summary, these all vapor methods offer higher crystal and interface quality of the 
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heterostructure and larger (up to 40 μm) area than the ME methods. Therefore, it is 

promising to scale up for the electronic applications. However, the drawback of this method 

is hard to achieve a good control, which needs meticulous selection of the materials. 

Therefore, up to now, only a hand of TMDC vdW heterostructures have been prepared by 

CVD methods.[103-105]  

 

In addition, most of the reported heterostructures are semiconductor/semiconductor (S/S) 

junctions, such as MoS2/WS2, ReS2/WS2 and MoSe2/WSe2, leaving metal/semiconductor 

(M/S) junctions less explored. This might be primarily ascribed to the difficulty in the 

synthesis of metallic TMDCs owing to the high melting points and low chemical reactivity 

of the metal oxide precursors (Table 2.1).[106] As discussed above, the selenization of the 

pre-deposited vertical oxide heterostructure Nb2O5/WO3 provided a way to produce the 

sandwiched NbSe2/NbxW1-xSe2/WSe2 heterostructure (Figure 2.15a).[102] Nevertheless, 

such method will lead to interlayer alloying and relative high defects at the interface. Also, 

since the grain boundary concentration is high in this method, the quality of the crystal is 

limited.  

Table 2.1 The summary of melting points (MP) of the metal oxides (IV-VI B) and elementary 

substance (X B). 

 

To overcome this, metal chlorides (i.e. NbCl5 and TaCl5) which are much easier to 

evaporate and undergo the reaction have been used. However, the higher chemical activity 

of the chlorides made the experiment more complicated and the growth hard to control. As 

shown in Figure 2.18, the samples produced by the chlorides are either too thick or too 

small and the morphology is out of control.[107-112] 

 



Literature Review  Chapter 2 

 

 

34 

 

Another consideration might be the crystal structure mismatch. Although it has been 

proved that the mismatch could be up to 13% in the GaSe/WSe2 heterostructure,[113] it is 

prepared by the step-by-step method. For the one-step method, it is relatively easier for two 

components that have the same crystal structure, e.g. 2H-MoS2 and 2H-WS2. Since some 

of metallic TMDCs adopt 1T or 1T′structure, for different crystal structures (e.g. 2H and 

1T), there are still not successful reports. 

 

 

Figure 2.18 The samples produced by metal chlorides precursors. For the SEM or AFM images, it 

can be clearly seen that the samples are either too small or too thick. (a), (b) and (d) The vertical 

growth behavior indicates it is hard to control the process using metal chlorides.[107-112] 

Therefore, it becomes challenging but profound to synthesize Metal/semiconductor (M/S) 

TMDC vdW heterostructures with high-quality interface by the one-step CVD method. 

 

2.3 Synthesis and Applications of High-mobility Bi2O2Se  

 

The efforts to explore new high-mobility 2D materials with a suitable bandgap have never 

been suspended. The mobility is defined as how fast the charge carrier can move thorough 

the semiconductor, which is crucial for the semiconductor as it determines the ultimate 
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limit of the response rate. In 2D materials, graphene has high mobility of up to 2×105 cm2V-

1s-1 at low temperature. However, the lack of band gap leads to the fact that transistors 

could not be switched off, which means low on/ff ratio and high consumption of power. 

Although MoS2 have shown high potential, it needs the device optimization including the 

high-κ layer encapsulation and the contact engineering. Unfortunately, even after the 

optimization, the mobility of MoS2 is still not competitive with the low temperature 

polycrystalline silicon (LTPS). Therefore, moving further, to seek novel high-mobility 2D 

semiconductors with good stability becomes one of the focuses in 2D materials research. 

 

2.3.1 Exploration of High-mobility 2D Semiconductors 

 

Generally, there is an empiric relationship between the mobility and bandgap that as the 

bandgap is increased, the mobility decreases.[13] For MoS2, as the thickness increases, the 

bandgap decreases (1.9 eV to 1.2 eV) while the mobility increases due to the suppression 

of the surface scattering. Hence, many small-bandgap materials have been predicted by 

DFT calculation, such as 2H-MoTe2, 1T-HfSe2, 1T-PtSe2, PdSe2, Black Phosphorus (BP) 

and γ-Indium Selenide (γ-InSe).[37,45,47-50] In practice, some of these materials have been 

experimentally verified to be true while some are not. 

Table 2.2 DFT calculation prediction of high-mobility 2D semiconductors at RT.[114] 
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As shown in Table 2.2,[114] the DFT calculation shows the bandgap of 2H-MoTe2 is 1.16 

eV (Figure2.19a), which is smaller than that of monolayer 2H-MoS2 (1.9 eV). 2H-MoTe2 

has been predicted to possess a high mobility up to 2500 cm2V-1s-1 at room temperature 

(RT). However, the FET transfer data show the value is only about 50 cm2V-1s-1 

(Figure2.19b), which may be due to the high effective electron mass (0.53 me).
[37] The same 

as this, the bandgap and mobility (RT) of 1T-HfSe2 have been calculated to be about 0.45 

eV and 3500 cm2V-1s-1 (Figure 2.19c and2.19d),[48] which was experimentally measured to 

be around 6.5 cm2V-1s-1. This difference was ascribed to the contact resistance and the 

surface scattering.  

 

 

Figure 2.19 The band structure and mobility of 2H-MoTe2 and 1T-HfSe2. (a) The band structure 

of monolayer 2H-MoTe2. A direct bandgap of 1.16 eV was predicted.[37] (b) The temperature 

dependence of the mobility of 2H-MoTe2 with 1T′ contact and 2H contact. The mobility is much 

improved with 1T′ contact. (c) The band structure of monolayer 1T-HfSe2. An indirect bandgap of 

0.45 eV was predicted.[48] (d) The FET transfer Id-Vg curve of 1T-HfSe2. The mobility was extracted 

to be only 6.5 cm2V-1s-1. 

In contrast to these, 1T-PtSe2 has been predicted to have mobility of 1900 cm2V-1s-1 and 
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the bandgap is 0.66 eV for a 10 nm thick sample (Figure 2.20a). The FET mobility was 

measured to be around 210 cm2V-1s-1, which is quite good for non-optimized sample at RT 

(Figure 2.20b).[47] The small bandgap and effective electron mass (0.19 me) contributed 

jointly to this high mobility. Besides, the same with Pt in the transitional metal of group X, 

9 nm PdSe2 has shown a high mobility of 216 cm2V-1s-1 at room temperature (Figure 2.20d), 

with a band gap of 0.16 eV (Figure 2.20c).[50] However, as it is well known that Pt and Pd 

(group X) are all noble metals, which is not suitable for mass production.  

 

 

Figure 2.20 The band structure and mobility of 1T-PtSe2 and PdSe2. (a) The band structure of 10 

nm 1T-PtSe2. An indirect bandgap of 0.66 eV was predicted.[37] (b) The FET transfer Id-Vg curve of 

11 nm 1T-PtSe2. The mobility of this sample was calculated to be 210 cm2V-1s-1. (c) The band 

structure of PdSe2. An indirect bandgap of 0.16 eV was predicted.[48] (d) The FET transfer Id-Vg 

curve of PdSe2. The mobility was extracted to be 216 cm2V-1s-1. 
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Figure 2.21 Black phosphorus. (a) The crystal structure of BP. Every P atom bond with three near 

P atoms to form a zig-zag like layer structure. (b) The FET Id-Vg transfer curves of BP with different 

thicknesses. Inset: the thickness dependence of mobility and on/off ratio. (c) The integer quantum 

hall effect of BP. (d) The quantum oscillations of BP. 

Other than TMDCs, a lot of new 2D semiconductors have also been unearthed by 

calculation and experiments. Among these, the most representative materials are BP and γ-

InSe.[45,115-117] BP is one allotrope of phosphorus elementary substances, which include red, 

white, violet, black, and blue phosphorus. Figure 2.21a depicts the crystal structure of BP,[45] 

in which every P atom bond with three near P atoms and a zig-zag like layer structure is 

formed. The sample with a thickness of 10 nm has been demonstrated to have a high FET 

mobility of up to 1000 cm2V-1s-1 at RT (Figure 2.21b). And The quantum oscillations have 

been observed in this few-layer BP flakes on the hexagonal boron nitride (h-BN) substrate 

due to the suppression of the surface scattering and the high capacitance provided by high-

κ h-BN layer (Figure 2.21d).[117] Moving forward further, when the multilayer BP was 

encapsulated between the h-BN, the integer quantum hall effect could be observed (Figure 
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2.21c).[116] Need to mention that the mobility has a heavy reliance on the thickness of BP 

and when the thickness is less than 10 nm, it drops very quickly (inset of Figure 2.21b).[115]  

 

 

Figure 2.22 γ-indium selenide. (a) The crystal structure of γ-InSe. The stacking order is AbbA, 

where two layers of Indium atoms are sandwiched by the upper and lower layer of 

Selenium atoms. (b) The temperature dependence of the mobility of γ-InSe with different 

thicknesses. (c) The quantum hall effect of γ-InSe. (d) The quantum oscillations of γ-InSe.[49] 

In addition to BP, γ-InSe is another novel high-mobility 2D semiconductor reported 

recently.[49] As shown in Figure 2.22a, a bit different with 2H structure in TMDC, the 

stacking order here is AbbA, in which two layers of Indium atoms are sandwiched by the 

upper and lower layer of Selenium atoms. Therefore, from the top view of monolayer, it is 

the same with 2H structure while from the side view, there is one more layer of metal atoms 
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(Figure 2.22a). The bandgap of a 6-layer γ-InSe is about 1.3 eV and the mobility of this 6-

layer γ-InSe is around 1000 cm2V-1s-1 at RT (Figure 2.22b). Based on this high mobility, 

the quantum hall effect and quantum oscillation have been demonstrated (Figure 2.22c and 

2.22d). 

 

Although these materials have very high mobility at RT, unlikely, they are not stable in air 

condition. In addition, it is a big challenge for the CVD synthesis as high vacuum condition 

is required. That’s the reason why CVD-grown γ-InSe did not show a good performance[118] 

and no BP produced by the CVD method has ever been reported. Hence, the further 

application of these materials will be definitely hindered by their synthesis until their 

stability could be improved. Hence, for high-mobility 2D semiconductors, the stability 

becomes a topic of major concern. 

 

2.3.2 Discovery and Synthesis of High-mobility 2D Bi2O2Se 

 

Recently, a new type of high-mobility 2D semiconductor Bi2O2Se has been prepared by 

CVD with a large area on the fluorine mica substrate. As shown in Figure 2.23a,[54] layered 

Bi2O2Se belongs to I4/mmm space group, in which oxygen atoms form a tetragonal lattice 

and the upper and lower bismuth atoms are stacked at different sets of tetragonal interstitial 

sites, forming a [Bi2O2]
2+ layer. Meanwhile, selenium atoms which are filled in the other 

set of sites bind the upper and lower [Bi2O2]
2+ layers with weak electrostatic force, giving 

an interlayer spacing about 0.61 Å. 

 

The mobility of the sample with the thickness of 6-10 nm was measured to be around 200 

cm2V-1s-1 at RT, which is a quite high value for CVD-grown 2D semiconductor. This was 

explained by the small effective electron mass (0.14 ± 0.02 𝑚0) at the CBM of the energy 

band. DFT calculation provides detailed band structures of the Bi2O2Se (Figure 2.23b), 

showing a sharp band structure at CBM and an indirect band gap of 0.85 eV. This was 

verified by the angle-resolved photoemission spectroscopy (ARPES), in which the sharp 

CBM structure could be clearly seen (Figure 2.23c). Also, a band gap of 0.80 eV was 

revealed, which showed good consistency with the DFT calculation. Like the high-mobility 
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materials mentioned above, the quantum oscillation was demonstrated (Figure 2.23e). Note 

that for the sample with a thickness less than 6 nm (Figure 2.23d), the mobility drops very 

quickly due to the surface scattering effect and the lower crystal quality. 

 

Figure 2.23 Bi2O2Se. (a) The crystal structure of Bi2O2Se. (b) The band structure by DFT 

calculation. (c) The ARPES of Bi2O2Se. A sharp CBM band structure can be clearly observed and 

the bandgap was measured to be 0.80 eV. (d) The thickness dependence of Hall mobility at RT. (e) 

The quantum oscillations of Bi2O2Se.[54] 

As an oxide compound, Bi2O2Se has shown quite good stability over months in air 

condition. More significantly, the bilayer sample as large as 200 μm (Figure 2.24b) could 

be synthesized via CVD method (Figure 2.24a).[53] For the monolayer sample (Figure 

2.24c), it does not have a good square shape due to the electrostatic interaction between 

the sample and the substrate, which indicates a lower quality. The Raman spectra show the 

evolution from Bi2Se3 to Bi2O2Se (Figure 2.24d) and the product was further characterized 

by XPS and HRTEM (Figure 2.24e-2.24g). Besides, as the thickness decreases, the optical 

band gap will increase from 1.4 eV to 1.9 eV (Figure 2.24h), which may partially explain 
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the drop of the mobility in thinner samples. The virtues of large area and good stability 

make this material quite promising for many applications in the future. 

 

Figure 2.24 The CVD synthesis and characterization of Bi2O2Se. (a) The schematic of the CVD 

setup. Bi2O3 and Bi2Se3 are used as precursors. (b) The bilayer sample as large as 200 μm could be 

prepared vis this method. (a) Non-square monolayer sample could be obtained. (d) The Raman 

spectra of few-layer and bulk Bi2O2Se and Bi2Se3. (e-f) The XPS characterization of Bi2O2Se in 

which the binding energies of Bi 4f and Se 3d are acquired. (g) HRTEM of Bi2O2Se. (h) The 

thickness dependence of the band gap.[53] 

 

2.3.2 Problems and Opportunities in Applications of 2D Bi2O2Se 

 

The high mobility and good stability of Bi2O2Se (Figure 2.25a and 2.25d) shed light on the 

applications in many fields, especially the photoresponse. As shown in Figure 2.25b, the 

Id-Vd curve was recorded under dark and different light power conditions (Figure 2.25b).[55] 



Literature Review  Chapter 2 

 

 

43 

 

However, no obvious photocurrent could be observed in this data and also in the on/off 

photocurrent test (Figure 2.25c). Therefore, only very small on/off ratio (less than 1) could 

be obtained. And the photoresponsivity, which is defined as the ratio of the photocurrent 

and light power, is only 6.5 AW-1. This might be ascribed to the lower quality of the sample, 

as the drain current under zero gate obtained here is much lower than the previous report. 

Another reason is the high dark current on the mica substrate due to the lack of gating 

configuration. It is worth mentioning that the dynamic response time (3.2 ms) and the 

specific detectivity (1011 Jones) in this report (Figure 2.25e and 2.25f) still showed the high 

potential of Bi2O2Se in the photodetector application. By improving the crystal quality and 

lowering the dark current, the performance of the photodetector based on Bi2O2Se could 

be much improved. 

 

 

Figure 2.25 The photodetector application of Bi2O2Se. (a) The optical images of the obtained 

Bi2O2Se. (b) The Id-Vd curve under different light power densities. (c) The on/off photocurrent test 

of Bi2O2Se under different light power densities. (d) The HRTEM image of Bi2O2Se. (e) The 

dynamic response time of Bi2O2Se photodetector. (f) The power dependence of the photocurrent 

and specific detectivity of Bi2O2Se.[55] 

Although a gate configuration can be used to regulate the dark current, it is difficult to 

realize on f-mica substrate in the photoresponse application. As the 280 nm SiO2/Si 
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substrate (Si substrate) possesses inherent back gating, if Bi2O2Se can be transferred onto 

Si substrate, not only the optoelectronic performance could be much improved, but also 

the applications of Bi2O2Se will be broadened since almost all integrated circuits are rooted 

in the silicon substrate. In the wet transfer of Bi2O2Se, hydrofluoric acid (HF) becomes the 

only f-mica etchant, due to the inertness of f-mica and strong electrostatic interaction 

between the sample and the substrate. Nevertheless, the highly corrosive HF which has the 

ability to penetrate issues is hazardous to handle. More importantly, since HF is well known 

as one component of typical buffered oxide etchant (BOE),[21] Bi2O2Se will be inevitably 

etched by HF during the transfer process. Hence, it is crucial to develop a safe and non-

corrosive method to transfer Bi2O2Se onto other substrates. 

 

Besides, since Bi2O2Se is new discovered, a lot of potential applications should be explored, 

such as complementary metal-oxide-semiconductor (CMOS) inverters. CMOS inverters 

provide opposite output logic signal to its input with a high speed at a low power 

consumption state, which is an essential unit in the integrated circuits (Figure 2.26a).[119]  

 

 

Figure 2.26 The CMOS inverter applications of TMDCs. (a) The circuit symbol of CMOS 

inverter.[119] (b) The schematic of CMOS inverter based on p-typeWSe2 and n-type K-doped WSe2. 

(c) The FET transfer curve Id-Vg of the two channels. (d) The VOUT-VIN curves under different VDD. 

(e) The gain under different VDD. (f) The schematic of CMOS inverter based on p-type MoTe2 and 
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n-type MoS2.[120] 

A lot of trials via using 2D semiconductors to fabricate the CMOS inverters have been 

made, such as TMDC including MoS2, WSe2 and MoTe2,
[119-122] thanks to their suitable 

energy bandgap and high mobility. As depicted in Figure 2.26a, a CMOS inverter is formed 

by a p-type FET and a n-type FET, connected in series and they share the same gate. A 

VDD was applied at the drain of p-FET and the source of n-FET is grounded (Figure 2.26b). 

When the gate voltage is applied (noted as the input signal VIN), the output signal (VOUT) 

is collected at the source of p-FET (or the drain of n-FET). As known to all, when VIN is 

high, the p-FET has a high resistance while the n-FET has a low resistance. Thus, the 

voltage drop is almost all at the p-FET and the value of VOUT will be low. Otherwise, when 

VIN is low, there is nearly no voltage drop at the p-FET, and VOUT will be high. And the 

gain is defined as the absolute value of the differentiation of the VOUT-VIN curve, which 

tells how fast the switch happens in the process. The higher the gain is, the faster the CMOS 

inverter could be operated.  

 

Previously, through chemical doping, CMOS inverters based on p-type and n-type WSe2 

have been reported. For n-type WSe2, a doping of the electron-donating potassium (K) on 

the surface (Figure 2.26b) was adopted. The FET transfer Id-Vg curves show very good 

symmetry of p-type and n-type behaviors (Figure 2.26c), which means these materials will 

match well in the inverter. Figure 2.26d shows the VOUT-VIN curve of this inverter. When 

VDD = 1V, a gain of about 3 has been obtained (Figure 2.26e). For MoTe2, the ambipolar 

behavior brings the benefit of free of doping. However, the SiO2 dielectric hampers the 

performance of the inverter, in which the gain is only 1.5 at VDD = 20 V. In addition, most 

of the time the ambipolar behavior is not a symmetrical for p-type and n-type, which may 

be one reason for the low gain. Based on this, p-type WSe2 and n-type MoS2 were chosen 

to fabricate the inverter and a gain of 4.4 at VDD = 1 V was achieved (Figure 2.26f).[120,121] 

 

Nevertheless, there are several questions for these materials in the application of CMOS 

inverter. First of all, the stability of 2H-MoTe2 and the doping WSe2 (K doping) is not 

convincible. Also, all these samples are prepared by ME method, which is not suitable for 
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mass production (small size and low yield). Hence, the application of the CVD-grown, 

stable and high-mobility Bi2O2Se to fabricate the CMOS inverters provides a good solution 

to the current problems. 

 

2.4 Questions to be Answered Based on Literature Review 

 

Firstly, vdW TMDC M/S contacts have shown great advantages in the contact 

improvement and they are highly possible to be prepared by CVD method. Although CVD 

method has shown superior advantages in the synthesis of TMDC vdW heterostructures, 

which are focused on S/S junctions, M/S vdW junctions with an atomically sharp interface 

were rarely reported. This might be ascribed to the high melting point and low chemical 

reactivity of the metal oxide precursors and the crystal lattice mismatch between the 

metallic and semiconducting TMDCs. The selenization method of the vertical metal 

heterostructure has the drawbacks of bad interface and low crystal quality. To developed a 

one-step method to produce M/S TMDC vdW heterostructures with high-quality interface 

becomes challenging but profound. 

 

Secondly, large-area Bi2O2Se has been prepared via CVD on mica substrate and proved to 

be stable in air condition over months. The virtues of high mobility, large area and stability 

make it attracting in the photodetector application. Although previous report has proved 

the high potential of this material, there are plenty of room to improve, especially the high 

dark current and low sensitivity. Although a gate configuration can be used to regulate the 

dark current, it is difficult to realize on mica substrate. The 280 nm SO2/Si has inherent 

back gate function, if the Bi2O2Se could be transferred onto it, the performance of the 

Bi2O2Se will be certainly much improved. However, the inertness of mica and the 

electrostatic interaction between the sample and the substrate make it hard to do the transfer. 

In consideration of safety, the usage of the corrosive HF acid is hazardous. Moreover, 

during the transfer, Bi2O2Se will be unavoidably etched by HF, which hinders the 

application of Bi2O2Se on substrates other than mica. To improve the performance of 

photodetector based on Bi2O2Se, a non-corrosive transfer method needs to be developed. 

And the improvement in the phototransistor performance of Bi2O2Se on Si substrate needs 
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to be demonstrated.  

 

Thirdly, 2D semiconductor have shown surpassing advantages of high mobility, efficient 

regulation and high-level integration in the applications of electronics, especially CMOS 

inverters. While ambipolar TMDC did not have expected performance owing to the 

asymmetrical behavior of p-type and n-type FET, doped TMDC was limited by the stability 

of the doping materials. High-mobility and stable Bi2O2Se provides a new platform for 

these applications and also the successful CVD synthesis of large-area Bi2O2Se makes it 

promising for mass production. The dielectric layer dependence of the Bi2O2Se based 

CMOS inverter performance also need to be examined.  
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hapter 3 

 

Experimental Methodology 

 

This chapter is going to introduce the typical process of the CVD method, 

and the rational for the synthesis of 2D vdW heterostructures, followed 

by the working principles of the characterization techniques, which 

includes optical microscopy, Raman spectroscopy, AFM, SEM, XPS, 

STEM, and their application in the material characterization and the 

analyses of typical data obtained, and how these techniques were applied 

in the material characterization of this thesis, and finally the FET device 

fabrication process and measurement system. 
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3.1 The Rational for the CVD Synthesis of 2D Materials 

 

Chemical vapor deposition (CVD) is a deposition method used to produce high-quality, 

high-performance thin film materials. It is famous for the microfabrication process of the 

wafer in the semiconductor industry. In general, the CVD process is the vaporization and 

reaction of the volatile precursors followed by the nucleation and growth of the product 

and deposition on the substrate. Several parameters, such as the pressure, growth 

temperature, gas flow rate and substrates, are essential for the processes. As discussed 

before, the advantages of this CVD method are large-scale production, high quality and 

good control of the thickness.[1-3] In the preparation of the heterostructures, the 

preponderance of this method is more predominant, especially in the lateral (in-plane) 

heterostructures. For the vertical (vdW) heterostructures, the advantages of CVD method 

in large area, high-quality interface and good control of interlayer orientation[4-7] are 

surpassing when compared with the mechanical exfoliation and liquid exfoliation methods. 

 

 

Figure 3.1 CVD processes of the TMDC growth. Up: the chamber model, indicating the location 

of the precursors and the substrate. Down: the reaction mechanism of MoO3 and S to produce MoS2.  

As shown in Figure 3.1, in the synthesis of TMDCs, the chalcogen elementary substances 
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(sulfur, selenium and tellurium) are placed in the upstream and located at suitable 

temperature zone while metal precursors (metal powders, metal oxides and metal halides) 

are placed in the central zone of the chamber. The substrates (SiO2/Si, mica, sapphire, STO, 

glass and so on) are either placed at the top of the metal precursors (facing down) or at the 

downstream. Figure 3.1 depicts the CVD growth processes of MoS2 which includes two 

routines: (i) The vaporization of Mo precursors is followed by the reaction with the 

evaporated sulfur to form MoS2 and then the deposition on substrate. (ii) Mo precursors 

are adsorbed on substrate first and reacted with sulfur to form the MoS2 nucleus and then 

the nucleus grows into the triangular MoS2. For the step-by-step growth, after the growth 

of the first material is finished, the sample is taken out and serves as the substrate for the 

growth of the second material.[4] However, the sample may be contaminated when taken 

out, which will lead to lower quality of the interface. For the one-step growth of vdW 

heterostructures, two metal precursors are placed in the chamber at the same time. And the 

mechanism of this one-step method is the sequential growth of the two individual materials 

due to the difference of the growth temperature.[6] 

 

In this thesis, Nb2O5 and NaCl with a ratio of about 9:1 were used as metal precursors for 

both the growth of NbS2 and NbS2/MoS2 vdW heterostructure on Si substrate. In the 

preparation of the heterostructure, MoO3 was used to grow MoS2 and the one-step 

atmospheric pressure CVD method was adopted in order to get a high-quality interface. In 

the preparation of Bi2O2Se on mica, Bi2Se3 and Bi2O3 are used as precursors and a low-

pressure method was adopted in order to get higher vacuum of the chamber. 

 

3.2 Characterization Techniques 

 

This section will introduce the characterization techniques used in this thesis, which 

include Optical Microscopy (OM), Atomic Force Microscopy (AFM), Raman 

Spectroscopy and Photoluminescence Spectroscopy (PL), X-ray Photoelectron 

Spectroscopy (XPS), Scanning Electron Microscopy (SEM), Scanning Transmission 

Microscopy (STEM). 
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3.2.1   Optical Microscopy 

 

The OM is a type of microscopes which uses visible light and a lenses system to magnify 

the image of small objects. Most of the time, the order of magnification is ×5 to ×100 

(objective lens), since the resolution (R) is limited by the numerical aperture (N.A.) and the 

wavelength of the visible light (λ): R = 0.61 × (λ / N.A.). The numerical aperture is defined 

as N.A. = n × sin μ, in which n is the refractive index of the medium, and μ is half of the 

angle of the focused light beam (Figure 3.2a). As it is summarized, when μ is up to 90°, the 

N.A. is equal to 1. And for the visible light, the shortest wavelength is 405 nm. Hence, the 

resolution for the OM in air is 247 nm. By immersed the OM in oil, the N.A. could be 

increased to 1.25, and thus, the resolution could be improved to 197 nm,[8] which is widely 

adopted in the microfabrication of the chips in the semiconductor Fabs. That is also why 

even higher magnification lens is used, the resolution still could not be improved further. 

 

 

 

Figure 3.2 The working principles of OM. (a) The Numeric Aperture (N.A.) (b) The mechanism 

of the contrast of the layered materials.[9] (c) OM image of exfoliated monolayer MoS2. (d) The 

contrast profile of the line marked in (c).[10] (e) The statistics of the contrast and the layer number.[11] 

[11] 
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On the other hand, a good contrast of sample on substrate is significant for layered materials. 

As shown in Figure 3.2b, the incident light will be reflected by the sample (R) and the bare 

substrate (R0). Hence, the contrast is defined by C=(R-R0)/R0, and the contrast difference 

(CD) between sample and substrate (CD) is defined as CD=C-Cs.[11] As now most of the OM 

is equipped with the charge coupled devices (CCD) optical system, live imaging of this 

contrast could be easily achieved. Since the contrast is quantified, it could be used to 

determine the thickness of the sample preliminarily. For example, Figure 3.2c shows an 

optical image of monolayer MoS2 and the contrast line profile is shown in Figure 3.2d. 

From Figure 3.2e, it can be seen that in certain range the contrast difference can be used to 

determine the thickness, such as 1 layer to 3 layers. However, as it is not a linear 

relationship between the thickness and the contrast difference. Therefore, for more accurate 

value of the thickness, AFM should be used instead. 

 

In this thesis, OM was applied to take optical images of all the samples and used to locate 

the sample in the transfer, Raman test and device measurement. 

 

3.2.2 Atomic Force Microscopy 

 

Atomic Force Microscopy (AFM) is used to obtain the thickness of the sample and to see 

the roughness of the surface. The working principle of Atomic Force Microscopy is 

measuring the atomic interaction between the sample and the cantilever via monitoring the 

deflection of a cantilever-tip when scanning across the sample surface. As shown in Figure 

3.3a, the cantilever is fastened on a piezoelectric tube controlled by a computer and a laser 

that reflects off the back of the cantilever and onto a quadrant photodiode was used to 

record the deflection of the cantilever (Figure 3.3b). The signal of the position on the 

quadrant photodiode was then translated into the height profile of the sample surface, based 

on which the AFM topography can be produced (Figure 3.3c). The cantilever tip tapers to 

a very sharp point, typically less than 10nm radius of curvature. Hence the resolution of 

AFM could be as low as sub-nanometer, which is quite suitable for the characterization of 

2D materials. AFM provides three types of working modes, contact mode, tapping mode 

and the non-contact (cantilever at a fixed height). As an example, the AFM topography of 
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CVD-grown MoS2 is shown in Figure 3.3b and by extracting the height profile of the line, 

the thickness of about 0.72 nm could be obtained.[1] Besides, via statistically analyzing all 

the line height profiles, the surface roughness of the sample could be acquired. 

 

 

Figure 3.3 The working principle of AFM. (a) Schematic illustration of the AFM working principle. 

(b) Cantilever deflection. (c) Three working modes of AFM: contact mode, tapping mode and non-

contact mode. (d) AFM topography of CVD-grown MoS2. (e) The height profile of the line marked 

in (c).[1]   

In this thesis, AFM was used to determine the thickness of NbS2 and Bi2O2Se. The AFM 

was conducted on an Asylum Research Cypher S model with a tapping mode. 

3.2.3 Raman and Photoluminescence Spectroscopy 

 

Raman spectroscopy is an optical technique used to observe vibrational, rotational, and 
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other low-frequency modes, which is widely used in material science to identify molecules 

by the structural fingerprint. As shown in Figure 3.4a, when shined with a monochromatic 

light, the electron will be excited from ground state to a virtual excited state. Later in the 

recombination, elastic radiation without energy shift is called Rayleigh scattering while the 

inelastic radiation with photon energy shifted up and down is called Raman scattering. The 

energy shift is caused by the interaction between laser light and molecular vibrations, 

phonons or other excitations. It is the energy shift of the photons that gives the information 

of vibrational modes, which could be used to identify molecules. Need to note that the 

application of laser light as light sources makes Raman spectroscopy more powerful in the 

material science because basically the signal of Raman scattering is weak compared with 

the strong Rayleigh scattering. Also, complementary to infrared spectroscopy (IR), they 

provide information of the vibrational modes with different symmetries.  

 

 

Figure 3.4 The working principle of Raman spectroscopy. (a) The Rayleigh (elastic) and Raman 

(inelastic) scattering. (b) The active Raman vibrational modes of monolayer 2H TMDC. (c) The 

phonon dispersion curves of monolayer MoS2.[12] (d) The Raman spectrum of WS2.[2] 

For monolayer 2H TMDC, there are four types of Raman active vibrational modes: 𝐴1
′ , 

𝐸′ , 𝐸′′ , 𝐸′(𝐿𝐴/𝑇𝐴) , as shown in Figure 3.4b. And their phonon dispersion curves are 
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calculated and presented in Figure 3.4c.[12]  Typically, the Raman spectrum of monolayer 

WS2 is shown in Figure 3.4d,[2] in which all the 𝐴1𝑔, 𝐸2𝑔
1 , 𝐸2𝑔

2 , 2𝐿𝐴 modes could be found. 

Apart from identify molecules including the doping, the layer-number evolution of 

phonons in the Raman spectra of TMDC could be used to identify the layer numbers. In 

addition, it also could be extensively used to investigate the layer doping, interlayer 

coupling, spin-orbit splitting and external perturbations.[12] 

 

In this thesis, Raman spectrum was used to identify molecules of MoS2, NbS2 and Bi2O2Se. 

And the Raman spectrum was used to prove the coexistence of MoS2 and NbS2 in the 

heterostructure and further examine the growth mechanism of the heterostructure. Raman 

spectra were recorded by a Witec system equipped with 100x objective lens under 532 nm 

laser excitation. The grating for the NbS2/MoS2 experiment is 1800 lines/mm while that 

for the Bi2O2Se is 1200 lines/mm. 

 

Photoluminescence (PL) is light emission after the absorption of photons, which is initiated 

by photoexcitation process that excites electrons to a higher energy level, followed by the 

relaxation processes in which photons are re-radiated. PL was widely used in the exciton 

dynamics (inter-band transition in the heterostructure, fast photogenerated carrier 

separation and binding energy of excitons), bandgap engineering (2D semiconductor 

doping), valley spintronics and so on. As the PL is closely related to the band structure of 

the targeted molecules, here the band structure of TMDC will be introduced first. 

 

As discussed before, when the layer number of TMDC is decreased, not only the symmetry 

of the crystal is changed, but also the interactions between the layers. Especially when the 

thickness comes to single layer, the quantum confinement effect will become prominent. 

One important property is the change happened in the value and types of the energy band 

gap. For example, the MoS2 bulk sample has an energy band gap (Eg) of 1.2 eV, while that 

of monolayer counterpart is increased to 1.9 eV (Figure 3.5a).[13] Via analyzing the band 

composition in the DFT simulation, it could be figured out that what’s happened during the 

thinning process. As presented in Figure 3.5b, the conduction and valence bands near Κ 

point in the first Brillouin Zone (BZ) are predominantly from the d orbitals of the metal 
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atoms (𝑑𝑥𝑧  and 𝑑𝑥2−𝑦2  for the valence band and  𝑑𝑧2  for the conduction band) in both 

monolayer and multilayer MoS2.
[14] This is because the metal atoms are sandwiched in the 

center of X-M-X, which is insensitive to the interlayer hopping as the thickness increases. 

However, very different with this, the local minima located at Q point (middle point 

between the Κ and Γ points) and the local maximum at Γ point (Figure 3.5b), which are 

mainly composed of the 𝑝𝑧 orbitals from the X atoms, are very sensitive to the interlayer 

hopping originated from the closer distance of the 𝑝𝑧  orbitals in the multilayer MoS2. 

Hence, the thickness plays a significant role in the Eg of MoS2 and also other TMDCs.  

 

And this change of the band composition could also account for another significant change, 

which is the crossover from indirect band gap in multilayer and bulk MoS2 to direct band 

gap in monolayer MoS2. As it could be seen from Figure 3.5a, for bilayer and bulk MoS2, 

the conduction band minimum (CBM) is located at Q point and the valance band maximum 

(VBM) is located at Γ point, because the interlayer hopping of the 𝑝𝑧 orbitals from the X 

atoms make major contribution. This leads to an indirect band gap of the bilayer and bulk 

MoS2. While in the monolayer MoS2, the role of the d orbitals from metal atoms comes to 

become more significant. As a result, both the CBM and VBM are shifted to K points, in 

which CBM is mainly from 𝑑𝑧2 orbital and VBM is mainly from 𝑑𝑥𝑧 and 𝑑𝑥2−𝑦2 orbitals, 

leading to a direct band gap. 

 

PL spectrum provides firm evidence for both the value change and the crossover from 

indirect to direct band gap. As shown in Figure 3.6a, the PL intensity of monolayer MoS2 

is four orders of magnitude higher than that of bulk MoS2, which is a feature of the direct-

gap semiconductor.[15] This is because the requirement of the momentum conservation in 

optical transitions is waived for semiconductors with direct band gap. From Figure 3.6b, 

PL peaks provide the Eg of MoS2 with various thicknesses. It could be seen that the Eg of 

MoS2 increases from 1.35 eV to 1.9 eV when the thickness is reduced from 6 layers to 

monolayer and all the values are larger than that of the bulk counterpart. All these PL results 

show good consistency with the DFT calculation result. 
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Figure 3.5 The DFT simulation of band formation of MoS2. (a) DFT simulation of MoS2 bulk, 

bilayer and monolayer (H-type stacking). For bulk and multilayer MoS2, an indirect band gap is 

predicted and for monolayer MoS2, a direct band gap is predicted. The Eg of bulk and monolayer 

MoS2 are calculated to be 1.2 eV and 1.9 eV respectively.[13] (b) DFT simulation analysis of the 

band composition of monolayer MoS2 (1H). The CBM and VBM are located at K points, and they 

are mainly composed of the d orbitals from the metal atoms (CBM is mainly from 𝑑𝑧2  orbital and 

VBM is mainly from 𝑑𝑥𝑧 and 𝑑𝑥2−𝑦2 orbitals). While the Q and Γ points are predominantly from 

the 𝑝𝑧 orbitals from the X atoms. Hence, they play a significant role in the multilayer and bulk 

MoS2 as the 𝑝𝑧  orbitals are more sensitive to the interlayer hopping when the thickness is 

increased.[14] 

Further, it is known that d orbitals from heavy metals will have strong spin orbital coupling 

(SOC). As discussed above, for monolayer MoS2, the main compositions of the CBM and 

VBM located at K points are from the d orbitals of the metal atoms. Interestingly, the 

𝑑𝑥2−𝑦2  and 𝑑𝑥𝑦  orbitals at VBM are split by SOC while the 𝑑𝑧2  orbital is not affected 
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(Figure 3.6c).[16] Hence, there will be two direct inter-band optical transitions which are 

noted as A and B excitons. This has also been verified by the PL spectrum (Figure 3.6d), 

which show two obvious peaks related to A and B excitons respectively.[17] This splitting 

characteristic provides a platform to explore the application of MoS2 in spintronics. 

 

 

Figure 3.6 Verification of the band structure by PL spectrum. (a) PL density of MoS2 with various 

thicknesses. The PL density of monolayer MoS2 is four orders of magnitude higher than the bulk 

counterpart, which is a virtue of the direct-gap semiconductor. (b) PL peak values of MoS2 with 

various thickness. The Eg of MoS2 is decreased from 1.9 eV to 1.3 eV when the thickness increases 

from monolayer to bulk, which show good consistency with the DFT calculation.[15] (c) d orbitals 

split by SOC. The 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals located at VBM near the K points are split by SOC while 

the affection of the 𝑑𝑧2  orbital located at CBM by SOC is small.[16] (d) The clear A and B excitons 

in PL of monolayer MoS2.[17] 

In this thesis, PL spectrum was used to characterize the optical properties of MoS2 and 

NbS2/MoS2 heterostructure, in which the fast separation of photogenerated carriers is 

expected. PL spectra were recorded by a Witec system equipped with 100x objective lens 

and the gating of 300 lines/mm under 532 nm laser excitation.  
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3.2.4 X-ray Photoelectron Spectroscopy 

 

 

Figure 3.7 The working principle of XPS. (a) Schematic of the XPS characterization process. (b-

c) The XPS characterization of MoS2. Binding energy peaks of Mo (3𝑑3/2 and 3𝑑5/2) and S 

(2𝑝3/2 and 2𝑝1/2).[18] 

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique to 

determine the elemental composition, chemical valence state and the ratio of the elements 

within a material. XPS spectra are obtained by irradiating a material with a beam of X-rays 

while simultaneously measuring the kinetic energy and number of electrons that escape 

from the material being analyzed (Figure 3.7a). As the wavelength of X-ray is ranging from 

0.01 nm to 10 nm, the depth of the measurement is limited at the top 0 to 10 nm of the 

sample surface. That is the reason why XPS is called the surface characterization technique. 

However, this depth is enough for the 2D materials as most of the time the thickness of 2D 
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materials is less than 10 nm. One demanding requirement of XPS is the high vacuum (~10−8 

millibar) or ultra-high vacuum (UHV; < 10−9 millibar) conditions, which makes this 

technique costly. 

 

 

Figure 3.8 The XPS characterization of TMDCs. (a) The binding energy of Nb (valence state of 

4+) in NbSe2, used to characterize the stability. (b) The shift of the binding energy of Mo in MoS2 

after doped with Nb. (c-d) The shift of the binding energy of Mo (3d) and W (4f) in MoS2/WS2 

heterostructure. 

In the characterization of TMDC, XPS is used to characterized: (i) The elemental 

compositions. For example, in MoS2, two binding energy peaks from Mo (232.2 eV and 

230 eV) could be assigned to 3𝑑3/2  and 3𝑑5/2  (Figure 3.7b). Also, the binding energy 

peaks of sulfur (2𝑝3/2  and 2𝑝1/2) could be obtained as well (Figure 3.7c).[18] (ii) The 

valence state of the element. This is mainly used to characterize the stability of the tested 
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material. For example, in NbSe2, the valence state of Nb is +4 (Figure 3.8a) while it is 

changed to +5 when oxidized to Nb2O5.
[19] This is also applicable to metals in the same 

group (V and Ta). (iii) The ratio of the elements. This is used to characterize the defect 

concentration in the few-layer sample, the surface state in the multilayer materials and the 

doping ratio in the doped TMDC. The ratio could be given via integrating the area of the 

peaks of each element. Note that the detection limit of XPS is 0.1% (1 part per thousand, 

or 1000 ppm). Hence, for the doping of TMDC, it is hard to detect the doping ratio if the 

doping is lower than 0.5% (the lowest value reported up to now).[20] Besides, for doping 

TMDC and TMDC vdW heterostructure, the binding energy will have a small shift due to 

the redistribution of the charge density as shown in the WS2/MoS2 (Figure 3.8c and 3.8d).[21] 

For the characterization of vdW heterostructure, one more concern is the beam size of X-

ray. As it is ranging from 10 μm to 5 mm for monochromatic beam, and the sample size is 

always small for the exfoliation method. Hence, it is not easy to locate the sample in the 

chamber. 

 

In this thesis, XPS were used to determine the NbS2 and MoS2 in the NbS2/MoS2 

heterostructure and the ratio of anion (S) to cations (Nb + Mo). XPS tests were carried out 

via a PHI Quantera II spectrometer with a monochromatic Al-Kα radiation (hυ = 1486.6 

eV), calibrated with C 1s core level (binding energy: 284.8 eV). 

 

3.2.5 Scanning Electron Microscopy 

 

In addition to light and atomic force microscopy (OM and AFM), electron microscope is 

one more powerful microscope that produces images by the interaction of sample with a 

focused beam of electrons. When the primary electron beam interacts with atoms in the 

sample, the electrons lose energy by repeated random scattering and absorption within a 

teardrop-shaped volume of the specimen, which is known as the interaction volume (Figure 

3.9a). The interaction volume extends from less than 100 nm to approximately 5 µm into 

the surface and its size depends on the electron's landing energy, the atomic number of the 

specimen and the specimen's density.  
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Figure 3.9 The electron-specimen interaction volume. The interactions between the electron and 

sample are shown on the right. 

The energy exchange between the electron beam and the sample (Figure 3.9b) produces 

different kinds of high-energy electrons by: (i) elastic scattering, which is called back 

scattered electrons (BSE), used to determine the crystal phase and grain boundary. (ii) 

inelastic scattering, which is featured by the emission of secondary electrons (SE), used to 

obtain the topography information. Besides, if the vacancy caused by the kick-out of SE is 

filled by the outer level electrons, characteristic X-rays will be the emitted, which could be 

used in energy-dispersive X-ray spectroscopy (EDS) to acquire the composition 

information. If this energy is transferred to another outer level electron which escape from 

the atoms, these escaping electrons are called Auger electrons (AE). (iii) Transmitted 

electrons (TE) and the elastic, inelastic and incoherent elastic scattering electrons. These 

electrons pass through the thin sample (thinner than 100 nm) and used for TEM, STEM 

and electron energy loss spectroscopy (EELS), which will be discussed later. Apart from 

these, there are some electrons absorbed by the sample and other types of electromagnetic 

emission, such as continuum X-rays, cathodoluminescence (CL) and so on. (Figure 3.9a). 
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Figure 3.10 The schematic setup of SEM. The working principle is described on the right. 

In scanning electron microscopy (SEM), electrons are emitted by the filament in the 

electron gun and accelerated by electric field to the anode and focused by a series of lens 

and apertures into a spot (Figure 3.10). In a wave form, the de Broglie wavelength[22] of 

electron can be calculated by 𝜆 =
ℎ

𝑝
=

ℎ

𝑚𝑣
=

ℎ

𝑚𝑒𝑣
√1 −

𝑣2

𝑐2, where h is plank constant, p is 

the momentum, me is static electron mass, v is the electron speed, c is the light speed. The 

speed of electron could be calculated by 𝑣 = √
2𝑒𝑉

𝑚𝑒
, where e is the electron unit charge, V 

is the accelerating voltage. Here, if the accelerating voltage is 30 kV, v is much smaller 

than the light speed c, then 𝜆 =
ℎ

𝑚𝑒𝑣
. Theoretically, the resolution of SEM is determined by 

the accelerating voltage of which the highest value now is 30 kV, producing a point 

resolution of 0.4 nm.  
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The most common mode of SEM is the detection of SE. As the detected number of SE 

depends on the sample topography, through scanning the sample and collecting SE, an 

image which displays the topography of the sample surface is created. Hence, SEM is 

widely used in the characterization of conductive sample morphology. Another mode is the 

EDS used to determine the composition and the ratio of each element. However, in terms 

of the accuracy, SEM EDS is much lower than XPS which is preferred in the 

characterization of chemical compositions. 

 

In CVD-grown TMDCs, SEM is rarely used as OM work quite well for the morphology 

characterization. However, when it comes to the metal/semiconductor heterostructure, 

owing to the difference in conductivity, the two components have quite distinct contrasts 

in SEM images, which could be used to identify the heterostructure. 

 

In this thesis, SEM is used to identify the NbS2/MoS2 heterostructure and evaluate the 

surface morphology of the transferred Bi2O2Se on Si substrate. And the EDS setup was 

used to determine the ratio of Bi to Se in the transferred Bi2O2Se. Also, it was used to 

develop the electrode pattern via electron beam lithography (EBL) when fabricating 

devices, which will be discussed later. SEM and EDS characterizations were performed 

under the JOEL JSM-7600F system with an accelerating voltage of 15 kV. 

 

3.2.6 Scanning Transmission Electron Microscopy 

 

In the interaction volume, there are some high-energy electrons transmit through the 

specimen. In conventional TEM, the fluorescent screen below the sample collects the 

signals from these electrons (Figure 3.11). As deduced above, 𝜆 =
ℎ

𝑚𝑒𝑣
√1 −

𝑣2

𝑐2 and 𝑣 =

√
2𝑒𝑉

𝑚𝑒
, if V = 100 kV, 𝜆 is 0.04 Å. Hence, the wavelength is comparable with the crystal 

lattice parameter, the inelastic scattering (electron-electron) and elastic scattering 

(electron-nucleus) electrons could provide the information of crystal lattices. However, in 

practice, even 200 kV was applied, it is hard to achieve 2 Å, which is limited by the quality 

of the electromagnetic lens. 
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Figure 3.11 The schematic setup of TEM. The working principle is described on the right. 

Two possible solutions are provided. As the elastic scattering electrons are used to create 

the image and they are close to the beam center, a lot of apertures are used to limit the 

electron beam. However, even the electron wavelength is much smaller the width of the 

aperture, there are still Fraunhofer diffraction phenomenon[23] in this case (Figure 3.12b). 

The peak width of the beam is given by 𝜃𝜔 = 1.22 ×
𝜆

𝜔
, where λ is the electron wavelength 

and ω is the width of the aperture. From the equation, as ω decreases, 𝜃𝜔 will increase. 

Hence, there should be a trade-off between the initial beam size and the diffraction effect 

in decreasing ω. 
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Figure 3.12 Three major types of electrons in TEM and the Fraunhofer diffraction effect. (a) 

Three major types of electrons in TEM: transmitted, elastic and inelastic scattering electrons. (b) 

the Fraunhofer diffraction effect.[24] 

Another method is to decrease the electron wavelength, one of the operating mode is STEM. 

In STEM, the electron beam is focused to a fine spot with a size of 0.05-0.2 nm, which 

then scans over the sample. The scan is conducted in a raster way that at each point sample 

illuminated with the beam parallel to the optical axis. However, the spherical aberration of 

the lens made the beam cannot be focused on the focal plane (Figure 3.13a), which also 

lead to a larger spot size (Figure 3.13d). This could be solved by adding an aberration 

corrector (such as the quadrupole-octupole corrector) to STEM, which serves like a 

concave lens. With the addition of the aberration corrector, the beam has become more 

converged (Figure 3.13b). As a result, the beam size becomes smaller (Figure 3.13e) which 

could also be verified by the enhanced intensity line profiles (Figure 3.13c). This aberration 

correction enables electron beams to be focused to diameter of sub-Angstrom, which 

allows images with sub-Angstrom resolution to be acquired. Up to now, advanced 

aberration-corrected STEMs have since been developed with the resolution of sub-50 pm. 

Hence, it is now possible to identify atoms and molecules with unprecedented clarity.  

 

In addition to the size and intensity of the electron probe, the aberration corrector also 

increases the scattering angle, which provides chances to obtain more information, such as 
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the annular dark-field (ADF) imaging and electron energy loss spectroscopy (EELS). 

According to the Bragg’s law[25] 2d 𝑠𝑖𝑛 𝜃 = 𝜆 , in which d is the lattice spacing of the 

crystal and θ is the scattering angle. Take metal as example, the typical value of d is 2 Å, 

and the wavelength at the accelerating voltage of 100 kV is 0.04 Å. Thus, sin θ is about 

0.01 and the corresponding angle is 0.572° or 10.0 mrad. In aberration-corrected STEM, 

this value could be increased to higher angle (even larger than 50 mrad). Therefore, more 

detectors are available, including the ADF and HAADF (high angle ADF) detector (Figure 

3.13f).  

 

 

Figure 3.13 The aberration correction of STEM. (a) The spherical aberration of STEM. (b) The 

addition of aberration corrector to the STEM. (c) The comparison of the peak width and intensity 

of electrons with and without aberration correction. (d-e) The electron spots with and without 

aberration correction.[26] (f) More detectors in aberration-corrected STEM. 

ADF imaging is a method of mapping samples by collecting scattered electrons from an 

annulus around the main beam with an annular detector. This annular design has two 

advantages: First, the annular design improves the collection efficiency of the elastic 

electrons. As it avoids the main beam, which has much higher intensity, the intensity of the 
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elastic electrons will be a problem. That’s the reason the name of dark field comes from. 

However, it excludes the interference from the low-angle inelastic electrons. And as these 

high-angle elastic electrons are originated from the Rutherford scattering,[27] the contrast 

is proportional to the square of the atomic number (Z2). Hence, not only the contrast has 

been greatly improved, this method can also provide information of chemical composition.  

 

 

Figure 3.14 The applications of STEM in the characterization of TMDC. (a) The characterization 

of different metal elements in the doped TMDC.[29] (b) The determination of grain boundaries in 

the in-plane TMDC heterostructure.[30] (c) The moiré pattern of TMDC vdW heterostructure 

observed in STEM.[5] (d-e) The identification of TMDC with 2H, 1T, 1T′ and 1T′′ phases and the 

intensity line profiles.[31]  

Second, the hollow center in the annular detector allows the pass of the inelastic electrons 

which could be collected by the EELS detector at the same time. In EELS, the inner-shell 

electron ionizations are particularly useful for detecting the elemental components of a 

material. Need to mention that EELS test provides a complementary method to measure 
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the light atoms (low atomic number, from Carbon to Zinc). In terms of energy resolution, 

it is better to choose EELS for 1 eV while EDS is better for a few tens of eV.[28] 

 

In the characterization of TMDCs, aberration-corrected STEM has been used in many 

applications. (i) The characterization of different metal elements in the doped TMDC. As 

the contrast is related to the atomic numbers (Z-contrast), it is easy to distinguish these 

elements in a doped TMDCs. In Figure 3.13a, the bright spots are W atoms due to higher 

atomic number while the darker are Mo atoms.[29] (ii) The determination of the grain 

boundaries in the in-plane heterostructure. This because of the obvious contrast difference 

on two sides (Figure 3.13b).[30] (iii) The verification of the vdW heterostructure. Due to 

different crystal lattice parameters, the vdW heterostructure will show moiré pattern, which 

could be clearly seen in the STEM image (Figure 3.13c).[5] (iv) The identification of crystal 

with different phases. 2H MoS2 is trigonal prism while 1T MoS2 is octahedron. STEM 

provide the capability to view the differences of the stacking orders among 2H, 1T, 1T′ 

and 1T′′ directly (Figure 3.13d-e).[31] And the intensity line profile helps to confirm the 

difference of these two stacking orders (Figure 3.13d). 

 

In this thesis, STEM was used to characterize the stacking order of NbS2/MoS2 vdW 

heterostructure. ADF-STEM images were obtained using a probe-corrected Titan 

ChemiSTEM (FEI, USA) which was operated at an accelerating voltage of 200 kV. The 

convergent semi-angle for illumination was set to be about 21.4 mrad with a probe current 

of 79 pA. The collection angle is about 43.4 to 200 mrad for ADF-STEM imaging. The 

atomic-resolution ADF-STEM images were processed with an improved Wiener filtering 

method to partly increase the signal-to-noise ratio for a better illumination. STEM–ADF 

image simulations were carried out using QSTEM software,[32] with the input parameters 

being set according to the experimental conditions. False-color images were performed by 

ImageJ to improve visual inspection. 

 

It was also used to characterize the crystal lattices of Bi2O2Se and to verify the etching 

effect of HF acid to Bi2O2Se. ADF-STEM imaging was carried out on an aberration-

corrected JEOL ARM-200F equipped with a cold field emission gun, operating at 80 kV, 
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and an ASCOR probe corrector. The convergent semi-angle of the probe was set at about 

30 mrad. ADF-STEM images were collected using a half-angle range from about 68 to 280 

mrad. A dwell time of 19 μs pixel−1 was set for single-scan imaging. EDS mapping was 

conducted under the Oxford X-Max 100TLE SDD EDS system. 

 

3.3 Device Fabrication and Measurement 

 

 

Figure 3.15. The device fabrication (EBL) processes. 

After the successful production of the desired material, the electrical and optoelectrical 

properties are evaluated by fabricating the FET devices. As discussed before, SEM could 

also be applied in develop electrode pattern in the electron beam lithography, which is a 

widely used method in the device fabrication. The processes are shown in Figure 3.14: 

First, a layer of electron sensitive resist was spin-coated on the surface. After the electrode 

pattern was draw in the software, the resist was exposed selectively to the electron beam 

according to the pattern, which will change the solubility of the resist. When immersed in 

the developer solution, the exposed area was washed out when the other area was 

unchanged. Then, the metal was evaporated and deposited on the surface. Finally, in a lift-

off process, the metal on the unchanged resist will be washed out, leaving the metal on the 

exposed area serve as electrodes.   
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The advantages of EBL are the custom patterns and the higher resolution (sub-10 nm), 

compared to the photolithography (visible light resolution, 197nm). However, the 

disadvantage is also obvious, the requirement vacuum and thus, low yield and high cost. 

Hence, even now deep ultraviolet (DUV) and extreme ultraviolet (EUV) light have been 

brought into the production of 10 nm and 7nm processing, EBL is not suitable for mass 

production. 

 

The EBL model in this thesis is Nova nanoSEM 230 with digital pattern generator Nabity-

NPGS. After the pattern was developed in MIBK/IPA, metal contacts (3 nm Cr/55 nm Au) 

were deposited by Kurt J. Lesker Nano 36 Thermal Evaporator. Electrical and 

photoresponse properties of the FETs were measured in the MicroXact Probe Station by 

Agilent B1500A Semiconductor Device Parameter Analyzer. The rise and decay time of 

the light response was measured by Tektronix MDO 3052 Mixed Domain Oscilloscope 

and Stanford Research SR540 Chopper Controller. 
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Metal/Semiconductor (M/S) vdW contact has shown surpassing 

advantages in the improvement of M/S contact because of good stability, 

larger size and clean interface. In the chemical vapor deposition (CVD) 

synthesis, M/S transitional metal dichalcogenide (TMDC) van der Waals 

(vdW) heterostructures were less explored due to the high melting points 

and low chemical reactivity of metal oxide feedstocks and the crystal 

lattice mismatch. In this work, with the assistance of NaCl, the 

drawbacks of metal oxide precursors were effectively overcome. 

Therefore, for the first time, the M/S TMDC vdW heterostructure 

NbS2/MoS2 was synthesized via a one-step halide-assisted CVD method. 

OM, SEM and XPS offered firm evidences of the M/S vdW 

heterostructure. This one-step method provides the high crystal quality 

and clean interface of the NbS2/MoS2 heterostructure, which was 

confirmed by STEM characterization. A growth mechanism was 

proposed that MoS2 finished the growth first and subsequently served as 

a superior substrate for the growth of NbS2, which was verified by 

Raman mapping. The PL and device measurement provided physical 

supports of the M/S heterostructure.  

________________ 

*This section was published as Qundong Fu, Xiaowei Wang, Jiadong Zhou, Juan Xia, Qingsheng 

Zeng, Danhui Lv, Chao Zhu, Xiaolei Wang, Yue Shen, Xiaomin Li, Younan Hua, Fucai Liu*, 

Zexiang Shen, Chuanhong Jin*, and Zheng Liu*. One-Step Synthesis of Metal/Semiconductor 

Heterostructure NbS2/MoS2, Chem. Mater., 2018, 30 (12), 4001–4007. 

4.1 Introduction 

 

Van de Waals (vdW) heterostructures,[1, 2] vertically stacked by diverse two-dimensional 

(2D) components, have shown great potentials on novel physical applications[3-5] and next 
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generation optoelectronic devices such as atomically thin P-N junction.[6-9] Benefiting from 

the weak interlayer vdW interaction, engineering of vdW heterostructures can be realized 

via controlling the chemical components,[7, 10-12] layer numbers[13] and interlayer stacking 

orders,[14] leading to a transition of designing new materials from a traditionally 

methodology-driven motivation to the one driven by the function of materials. Thanks to 

the atom-thin nature, various physical properties, and numerous analogues in the family 

(>40),[15] 2D transitional metal dichalcogenides (TMDCs) have been employed to construct 

the artificial vdW heterostructures[11, 16] with unique functionalities.  

 

Chemical vapor deposition (CVD) has become a dominant method to synthesize the 

TMDC vdW heterostructures with large size, such as ReS2/WS2
[17] and MoSe2/WSe2.

 [10]
 

However, up to now, only a hand of TMDC vdW heterostructures have been prepared by 

this method, and nearly all of them are focused on Semiconductor/Semiconductor (S/S) 

vdW heterostructures,[7, 10, 17, 18] leaving Metal/Semiconductor (M/S) counterparts less 

explored. This may be primarily ascribed to the following reasons: 1) High melting points 

and low chemical reactivity of metal oxides (e.g. Nb2O5 and Ta2O5), make metallic TMDCs 

hard to prepare.[19] 2) Crystal lattice parameter mismatch.[18] It is relatively easier to grow 

vdW heterostructures for two components that have the same crystal structure, e.g. 2H-

MoS2 and 2H-WS2. Yet for different crystal structures, e.g. 2H and 1T, the two components 

should be meticulously selected to achieve the epitaxial growth.  

 

The fast separation of the photogenerated charge carriers in M/S heterostructures, due to 

the variant electrical features, makes 2D M/S vdW heterostructures[20] very fascinating in 

the optoelectronic and photocatalytic applications.[21-23] Recently, a two-step CVD method 

concerning the selenization of sequent deposited Nb2O5 and WO3 to produce M/S 

NbSe2/NbxW1-xSe2 was adopted reluctantly owing to the drawbacks of Nb2O5 as metal 

precursors.[24] As known, such method will lead to interlayer alloying, bring relative high 

defect and grain boundary concentration,[25] and finally result in a poor interface. Therefore, 

to synthesize M/S vdW heterostructures with a high-quality interface becomes challenging 

but profound as it is the key basis to understand the physical properties of M/S vdW 

heterostructures.[26] 
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Here, the synthesis of high-quality 2D TMDC M/S vdW heterostructure NbS2/MoS2 was 

demonstrated by one-step halide-assisted CVD method, which provides a sharp atomic 

M/S interface. Firstly, through mixing the metal oxide precursor with the alkaline metal 

halide salt,[27] a 20 µm single crystalline monolayer niobium disulfide (NbS2) was 

successfully produced, as confirmed by the Atomic Force Microscopy (AFM). Raman 

spectrum of few-layer sample with a size up to 60 µm reveals the 3R-stacking order of the 

obtained NbS2. Further by developing the growth recipe, the 2D M/S TMDC vdW 

heterostructure NbS2/MoS2 was obtained, which was substantiated by Optical Microscopy 

(OM), Scanning Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS) 

tests. Scanning Transmission Electron Microscopy (STEM) characterization provided firm 

evidence of the high quality of this NbS2/MoS2 heterostructure, and the periodic 

superlattice originated from well-aligned orientation affirmed the clean interface of the 

obtained heterostructure. STEM further revealed the R-type stacking order between the 

MoS2 and NbS2 layer, which is favored in pristine CVD-grown NbS2. With the aid of OM 

and Raman characterization, it could be figured out that, due to the difference of growth 

temperature, only when the growth of MoS2 is completed, NbS2 begins the epitaxial growth 

on MoS2. Photoluminescence (PL) spectra and FET device measurements provided the 

physical property support of this M/S vdW heterojunction. This is the first time that high-

quality 2D M/S TMDC vdW heterostructure has been prepared by one-step CVD method. 

Our work is believed to speed up the syntheses of other M/S TMDC vdW heterostructures 

and provide a platform for the research into the TMDC M/S interface. 

 

 

 

 

 

4.2 Experimental Methods 

 

4.2.1 CVD Synthesis of NbS2 
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Figure 4.1 Schematic of the CVD setup for the synthesis of NbS2. 

Atmospheric Pressure CVD Chamber is schematically depicted in Figure 4.1, in which, 

detailly, the heating setup is a Lindberg/Blue M Mini-Mite tube furnace (TF55035C-1, 

digital, single segment), and the fused quartz tube is 1000 mm long with an Outside 

Diameter (O.D.) of 1 inch. Mixed powders of Nb2O5 and NaCl with a ratio around 9:1 were 

used as metal precursor, placed in an alumina crucible and located in the zone where 

temperature was ramped to 800 oC in 16 min and hold for 10 min, while sulfur feedstock 

was placed at the upstream of the mixture with temperature ranging from 120 oC to 200 oC. 

Under the carrier gas of 60~80 sccm Ar, sulfur vapor was flowed in and reacted with metal 

mixture, and then layered NbS2 will be deposited on the substrate (285nm SiO2/Si), which 

was placed 3~5 mm above the metal precursor with the polished side facing down. After 

the reaction is finished, the furnace was naturally cooled down to room temperature.  

     

4.2.2 CVD Synthesis of NbS2/MoS2 

 

The same growth temperature (800 oC), gas flow rate (60 sccm Ar), and CVD setup were 

used for the synthesis of NbS2/MoS2. To first grow MoS2, MoO3 powder was put at the 

upper stream of the metal mixture of Nb2O5 and NaCl with a distance of 1.5 cm (Figure 

4.3). Unlike the control of thickness via gas flow rate in intrinsic NbS2, the holding time at 

the temperature of 800 oC was regulated from 6 min to 12 min, to achieve different 

coverage of NbS2 on MoS2. 

 

4.2.3 XPS, SEM and Raman Characterizations 
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XPS tests were carried out via a PHI Quantera II spectrometer with a monochromatic Al-

Kα radiation (hυ = 1486.6 eV), calibrated with C 1s core level (binding energy: 284.8 eV). 

SEM characterization was performed under the JOEL JSM-7600F system with an 

accelerating voltage of 15 kV. Raman spectra were recorded by a Witec system equipped 

with 100x objective lens and a grating of 1800 lines/mm under 532 nm laser excitation.  

     

4.2.4 Transfer and STEM Characterization and Image Simulation 

 

The TEM samples were prepared with a poly (methyl methacrylate) (PMMA) based 

transfer method. First, the Si wafer with the as-grown CVD samples were spin-coated with 

PMMA at 3,000 r.p.m. for 60 s and then baked at 150 °C for 3 min. Afterward, PMMA-

coated sample was peeled off by etching away the underneath SiO2 in 1% HF solution. 

Next, the floating PMMA film was transferred to the distilled water and scooped up by a 

TEM grid. The TEM grid was heated at 50 °C for 5 hours, and then submerged into acetone 

for about 24 h to remove PMMA. Finally, the TEM grid was rinsed by isopropyl alcohol 

(IPA) and dried in air. 

 

ADF-STEM images were obtained using a probe-corrected Titan ChemiSTEM (FEI, USA) 

which was operated at an accelerating voltage of 200 kV. The convergent semi-angle for 

illumination was set to be about 21.4 mrad with a probe current of 79 pA. The collection 

angle is about 43.4 to 200 mrad for ADF-STEM imaging. The atomic-resolution ADF-

STEM images were processed with an improved Wiener filtering method to partly increase 

the signal-to-noise ratio for a better illumination. STEM–ADF image simulations were 

carried out using QSTEM[28] software, with the input parameters being set according to the 

experimental conditions. False-color images were performed by ImageJ to improve visual 

inspection.  

4.2.5 Devices Fabrication and Measurement  

 

After the synthesis of the sample on silicon substrate, the sample was then spin-coated with 

PMMA. The electrode patterns were then defined by the EBL (Nova nanoSEM 230 with 

digital pattern generator Nabity-NPGS). After the pattern was developed in MIBK/IPA, 
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metal contacts (3 nm Cr/55 nm Au) were deposited by Kurt J. Lesker Nano 36 Thermal 

Evaporator. Electrical and photoresponse properties of the FETs were measured in the 

MicroXact Probe Station by Agilent B1500A Semiconductor Device Parameter Analyzer.  

 

4.3 Results and Discussions 

 

4.3.1 Halide-assisted CVD Synthesis and Characterization of NbS2 

 

At first, the synthesis of intrinsic NbS2 was demonstrated. The CVD setup is depicted in 

Figure 4.1: under the gas flow of argon, the gaseous sulfur was introduced to the central 

high temperature zone (800 oC) and reacted with the evaporated metal precursors (mixture 

of niobium pentoxide, Nb2O5 and sodium chloride, NaCl). NbS2 layers were then deposited 

on the 285 nm SiO2/Si substrate. By using argon gas with the flow rate of 60 standard cubic 

centimeter per minute (sccm), monolayer NbS2 with the size up to 20 µm was synthesized, 

shown in Figure 4.2a. To the best of our knowledge, this is the largest monolayer single-

crystal NbS2 that has ever been produced by CVD method. As proposed in the previous 

report,[27, 29] the reaction between Nb2O5 and NaCl, forming a metal oxychloride at high 

temperature, which leads to a lower melting point and higher chemical reactivity than 

Nb2O5, contributes to this better result.  

 

AFM height topography (inset of Figure 4.2a) shows that the thickness of the as-grown 

NbS2 is about 1.1 nm, which confirms the monolayer nature of our sample. Further by 

applying different flow rates, the synthesis of bilayer (Figure 4.2b) and tri-layer (Figure 

4.2c) NbS2 could also be achieved, which has a largest area (60 µm) with a thickness around 

3.0 nm. In order to confirm the crystal quality and stacking order of this sample, Raman 

spectra using a 532nm laser as light source were performed. As shown in Figure 4.2d, three 

peaks at 311.2 cm-1, 343 cm-1, and 381.2 cm-1 were found to be the characteristic peaks of 

3R NbS2, corresponding to the E1, E2 and A1 vibration modes.[30] This result fits very well 

with the spectra reported previously.[31, 32] Worth to mention, the reported phonon 

stiffening and softening features of E2 and A1 modes from thicker to thinner NbS2,
[33] which 

results from the dielectric screening of long-range Coulomb interactions, could also be 
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observed in our result (Figure 1e and 1f). The origin of the peak located at 179.4 cm-1 is 

still unclear, which might come from higher-order Raman processes. 

 

 

Figure 4.2 Synthesis of large-area layered NbS2 single crystal. (a-c) Optical images of one, two 

and three layered NbS2, inset of (a) shows AFM and the thickness of 1.1 nm indicates the monolayer 

nature of (a). All the scale bars are 10 µm. (d-f) Raman spectra of samples with different thicknesses 

(one, two and three layers). (e, f) Zoom-in of E2 and A1 peaks in (d), present the phonon stiffening 

and softening characteristics. 

 

 

 

4.3.2 CVD Synthesis and Characterization of NbS2/MoS2 
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Figure 4.3 Schematic of the CVD setup for the synthesis of NbS2/MoS2. The distance between 

MoO3 and Nb2O5 is around 1.5 cm. Both are placed in the alumina crucible and located at the high-

temperature zone (center) of the furnace. 

The successful synthesis of high-quality NbS2 atomic layer sheds light on the fabrication 

of the 2D TMDC M/S vdW heterostructures. As MoS2 shares the same anionic atom with 

NbS2, it was chosen as the substrate to achieve the epitaxial growth of NbS2, forming the 

2D TMDC M/S vdW heterostructure NbS2/MoS2 (schematically presented in Figure 4.4a). 

In order to grow MoS2, MoO3 powder was placed at the up flow of the Nb2O5/NaCl 

mixtures, leaving a distance about 1.5 cm (Figure 4.3). Under the growth temperature of 

800 oC and 60 sccm argon gas, this vertical stacking heterostructure was successfully 

obtained (Figure 2b).  As can be seen from Figure 4.4b and 4.4f, the distinct contrasts 

between NbS2 and MoS2 in both OM and SEM images, which results from different light 

absorption and conductivity, confirm that this is a vertical NbS2/MoS2 heterostructure 

rather than a bilayer MoS2.  

 

To further ascertain this, XPS test was performed at the thicker area (region 2 marked in 

Figure 4.4b). As shown in Figure 4.4c-e, the peaks at 228.8 eV and 232.0 eV are ascribed 

to the 3d5/2 and 3d3/2 orbitals from Mo,[34] and 203.2 eV and 206.0 eV are attributed to Nb 

3d5/2 and 3d3/2 core levels,[35] while 162.9 eV and 164.1 eV are corresponded to S 2p3/2 and 

2p1/2 core levels. All these peaks match very well with the reported data. Besides, by 

integrating the areas of the peaks, the obtained ratio of the anion S to the cations (Nb and 

Mo), which is 2.125, further demonstrates the stoichiometry of this NbS2/MoS2 

heterostructure. Hence, with the aid of OM, SEM, and XPS, 2D M/S vdW heterostructure 

NbS2/MoS2 was successfully identified. 
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Figure 4.4 NbS2/MoS2 vdW heterostructure. (a) Schematic of NbS2/MoS2 vdW heterostructure. 

OM (b) and SEM (f) images, show the evident contrast between NbS2 and MoS2 owing to the 

difference in light absorption and conductivity. Scale bar: 10 µm. (c-e) XPS peaks of Mo 3d (c), 

Nb 3d (d) and S 2p (e) from NbS2/MoS2 vdW heterostructure on SiO2/Si substrate. The ratio of 

anion (S) to cations (Mo and Nb) is 2.125, via performing peak area integration, which shows good 

stoichiometry in this heterostructure.  

To further determine the atomic structure and stacking of the 2D NbS2/MoS2 vdW 

heterostructure, annular dark-field (ADF) imaging in an aberration-corrected scanning 

transmission electron microscope (STEM) was conducted. Figure 4.5a shows the 

morphology of the as-transferred sample in a low-magnification Z-contrast image. In 

STEM’s Z-contrast image, the intensity is directly related to the atomic number and the 

thickness of the sample,[36] which can therefore be used to discriminate different atoms and 

thickness.  
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Figure 4.5 Intensity line profiles of few-layer NbS2/MoS2 sample. (a) ADF-STEM image of NbS2 

and MoS2 bilayer structure. Scale bar: 0.5 μm; (b) Intensity profiles obtained along arrows of three 

typical positions in (a). 

 

Figure 4.6 Atomic structure of the NbS2/MoS2 vdW heterostructure. (a) Low-magnification ADF-

STEM image of the sample, where the monolayer area was MoS2, and the bilayer area was 

monolayer (1L) NbS2 grown on top of 1L MoS2; (b) ADF-STEM image acquired from the bilayer 

area in (a), shows the periodic Moiré pattern. Scale bar: 5 nm; (c) FFT pattern obtained from (b). 

In the magnified view of the FFT pattern (the inset in black dash line), the reciprocal lattices of 
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NbS2 and MoS2 are marked by green and orange circles, respectively; (d) Top view and side view 

of the atomic model of the NbS2/MoS2 vdW heterostructure with an R-type stacking orientation. 

(e) The atomic-resolution ADF-STEM image recorded at the lower right corner of (b). (f) The 

simulated STEM image based on an R-type stacking model in (d), which is consistent with (e). 

Scale bar of (e) and (f): 2 nm. The supercell of the NbS2/MoS2 heterostructure is demarcated by the 

red dashed rhombuses in (b, d, e and f), with a lattice constant around 6.6 nm.  

 

 

Figure 4.7 Atomic structure of the NbS2 and MoS2 heterostructure. (a) ADF-STEM image of NbS2 

and MoS2 bilayer structure; (b) FFT pattern obtained from (a). (c and d) Inverse FFT images of 1L 

NbS2 and MoS2 in (a). (e and f) Close-ups of the regions highlighted by small square box in c and 

d. Insets are their corresponding atomic structures with green balls representing Nb, orange ones 

for Mo and yellow ones for S. The triangle which connect metal atoms represent their orientations. 

Scalebars for (a) and (c-d) are both 5 nm.   

As Mo (Z=42) and Nb (Z=41) have very close atomic number, a NbS2 monolayer would 

exhibit almost the same contrast as monolayer MoS2. Therefore, by analysing the intensity 

and comparing it with that of the vacancy area, it can be firstly distinguished that different 

layer numbers (1L, 2L and 3L) of the sample in specific area. Figure 4.5a is the low 
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magnification STEM-ADF image of as-transferred few-layer NbS2/MoS2 sample on a 

TEM grid, from which intensity line profiles along the three arrows can be extracted. From 

the corresponding step-like intensity profiles in Figure 4.5b, it can be differentiated that 

the darkest region in Figure 4.5a is the vacancy, whereas the other brighter regions with 

different contrast indicate 1L, 2L and 3L samples.  

 

Furthermore, the detailed atomic structure of different areas can be revealed by high-

resolution STEM Z-contrast imaging and corresponding fast Fourier transform (FFT) 

pattern. Figure 4.6b is a large scale ADF image of the bilayer region, from which it can be 

observed Moiré pattern with a periodicity of around 6.6 nm, highlighted by the red dashed 

rhombus. The corresponding FFT image of Figure 4.6b shows two different sets of 

hexagonally arranged spots. Careful analysis of these spots reveals their lattice constants 

(parameter: a): one corresponding to NbS2 of 3.33 Å while the other corresponding to MoS2 

of 3.21 Å, within instrumental error.[37] In addition, the two sets of well-aligned spots in 

Figure 4.6c demonstrate that the NbS2 and MoS2 layers are aligned with no twist angle. 

 

Figure 4.7a and 4.7b show the NbS2/MoS2 heterostructure and its fast Fourier transform 

(FFT). Two separated sets of spots due to different lattice constants of NbS2 and MoS2 

could be clearly seen in Figure 4.7b, which make it feasible to separate the lattice 

information of two different crystals by applying inverse FFT. In order to further resolve 

the stacking order of the bilayer heterostructure, inverse FFT of both NbS2 and MoS2 were 

applied respectively. Two inverse FFT images of 1L NbS2 and MoS2 layers are shown in 

Figure 4.7c and 4.7d, and their zoom-in images are displayed in Figure 4.7e and 4.7f, with 

their structure models in the inset which is determined by Z contrast imaging mechanism. 

These inverse FFT images straightforwardly present that two layers have the same 

orientation and therefore the R-type stacking order of the bilayer heterostructure was 

preliminarily confirmed. 
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Figure 4.8 Comparison of the experimental image (b) with simulation images of H-type (a) and R-

type (c) stacking structures. 

 

Figure 4.9. Quantitative analysis of intensity profiles (along lines in region 1, 2 and 3) and 

comparison of experimental images (center) with simulation images of H-type (left) and R-type 

(right) stacking structure. As a result, the simulation image of R-type stacking is consistent with 

experimental image quantitatively, while the simulated H-type stacking image is apparently 

different from the experimental image.  
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To provide more consolidate evidence of the R-type stacking order, the experimental image 

(Figure 4.8b) were compared with the simulation results of both R-type (Figure 4.8c) and 

H-type (Figure 4.8a) stacking NbS2/MoS2 bilayer models via a reported method.[38] Here 

three regions which are marked with dashed square were chosen, from which the line 

profiles of the intensities will be extracted and compared. From intensity profiles of these 

three regions (Figure 4.9 a-c), it could be clearly seen the simulation image of R-type 

stacking is consistent with experimental image quantitatively, while the simulated H-type 

stacking image is apparently different. This confirms the R-type stacking order between 

NbS2 and MoS2 in our heterostructure. 

 

4.3.3 Possible Mechanism for the Growth of NbS2/MoS2  

 

From Figure 4.10a and 4.10b, it could be found that the second-layer NbS2 started the 

growth from one or two triangle corners, leaving the other uncovered. This is not like a 

one-step growth behavior, but more like a two-step process. Via regulating the time for 

growth, different morphologies of this heterostructure can be achieved: (1) NbS2 on the top 

firstly nucleates and grows at the corners of bottom-layer MoS2 (Figure 4.11b); (2) Then 

top-layer NbS2 at these corners grows up and merges at the edge, while the core of MoS2 

on the bottom remains uncovered (Figure 4.11c); (3) Finally, the growth of NbS2 continues 

and achieves the full coverage of the bottom MoS2 (Figure 4.11d).  

 

On the basis of these observations, the possible mechanism for the heterostructure growth 

could be understood as follows (schematically shown in Figure 4e-h): Firstly, MoS2 

nucleates at low temperature (650-750oC) and grows into a monolayer single-crystal 

triangle. The growth of MoS2 takes about several minutes until the precursors MoO3 have 

been consumed. Then the growth temperature is increased to 800oC, the growth of NbS2 is 

initiated. The second-layer NbS2 preferably nucleates at the corner of the triangular MoS2 

owing to its defects-rich nature,[10] and then grows inward the central part, finally forms 

the vertical NbS2/MoS2 heterojunction. Worth to mention, this behavior is different with 

one-step synthesis of WS2/MoS2 vertical heterojunction,[7] where WS2 starts the growth 

from the center of growing MoS2 on the bottom. This might be ascribed to the lower 
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chemical reactivity of Nb2O5 in comparison with WO3, and thus higher growth temperature. 

Hence, NbS2 will grow after MoS2 finishes the growth while WS2 starts earlier. 

 

 

Figure 4.10 Optical images of NbS2/MoS2 vdW heterostructure with different morphologies. (a) 

NbS2 starts the growth at one triangular corner of the bottom MoS2. XPS spectra were taken from 

the area marked with a dash circle; (b) NbS2 initiates the growth at two corners of MoS2 triangle on 

the bottom; (c) NbS2 begins to grow at the edge of the bottom MoS2, inward the center, forming a 

Type-I structure; (d) The grain boundary crossing growth behavior of NbS2 on two adjacent 

triangular MoS2. All of above provide solid support on the mechanism that MoS2 finishes the 

growth first and serves as a competitive substrate for the growth of NbS2. All the scale bars are 10 

μm. 

Several interesting phenomena will help to understand this process: (1) NbS2 may start the 

nucleation along the edge, which is also defect-rich, and then form a type-I like structure 

defined in the previous report[10] (Figure 4.10c). This further strengthens that the growth of 

NbS2 initiates only after the growth of MoS2 comes to an end; (2) Another interesting 

growth behavior is the grain boundary crossing, shown in Figure 4.10d, which would not 

happen in the growth of second-layer MoS2 between two adjacent MoS2 triangles.  Both 
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support the growth mechanism proposed above: The bottom-layer MoS2 grows first due to 

the low nucleation temperature, then the second-layer NbS2 nucleates and grows from the 

defect-rich corners or edges of the as-grown MoS2, inward the center, finally forms the 

M/S vdW heterostructure NbS2/MoS2.  

 

 

Figure 4.11 Proposed mechanism for the vertical heterostructure growth: At first, MoS2 grows and 

forms a full triangle. (a) Optical image and (e) schematic structure of MoS2; (b) and (f) NbS2 on 

the top nucleates and grows at the corners of bottom-layer MoS2; (c) and (g) Then top-layer NbS2 

at these corners grows up and merges at the edge, while the core of MoS2 on the bottom remains 

uncovered; (d) and (h) Finally, the growth of NbS2 continues and achieves the full coverage of the 

bottom MoS2. Scale bar: 10 µm. 

In order to further examine the mechanism aforementioned, Raman spectra and mapping 

were carried out using a 532nm laser. The characteristic E1, E2, and A1 peaks of pure NbS2, 

could be found at 306.7 cm-1, 342.7 cm-1, and 377.6 cm-1 (red spectrum in Figure 4.12b), 

respectively.  The two characterized, in-plane E2 and out-of-plane A1 vibration modes of 

pure MoS2 are located at 382.0 cm-1 and 402.6 cm-1 (black spectrum in Figure 4.12b, the 

frequency difference is 20.6 cm-1, indicating a monolayer MoS2
[39]), which were collected 

from the NbS2 uncovered area of the heterostructure. The blue curve in Figure 4.12b shows 

the Raman spectrum of the NbS2/MoS2 vdW heterostructure, in which all the characteristic 

peaks from MoS2 and NbS2 can be found. One interesting thing should be noted that two 
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adjacent peaks, A1 peak of NbS2 and E2 peak of MoS2 are overlapped and merged into one 

peak at 379.2 cm-1 in this spectrum.  

 

 

Figure 4.12 Raman spectra and mapping analysis of NbS2/MoS2 vdW heterostructure. (a) Optical 

image of NbS2/MoS2 vdW heterostructure, scale bar: 5 µm; (b) Raman spectra taken from pristine 

NbS2 (red curve), NbS2/MoS2 vdW heterostructure (blue curve) and the exposed MoS2 (black 

curve). Raman mapping at 342.7 cm-1 (c) (E2 mode of NbS2) and 402.6 cm-1 (d) (A1 mode of MoS2) 

further confirm that NbS2 is seated at one corner of bottom-layer MoS2, scale bar: 3 µm. 

The multipeak fitting analysis was performed to figure out the individual peaks (Figure 

4.13), in which the A1 peak of NbS2 is located at 377.1 cm-1 and E2 peak of MoS2 is located 

at 380.1 cm-1. Figure 4.12c and 4.12d present the Raman mapping of the area (marked with 

a square in Figure 4.12a) of the NbS2/MoS2 vdW heterostructure. Raman mapping from 

NbS2 E2 peak located at 342.7 cm-1 shows the NbS2 siting at one corner of MoS2, as shown 

in Figure 4.12c, while Raman mapping collected from MoS2 A1 peak located at 402.6 cm-

1 confirms the single-crystal MoS2 triangle (Figure 4.12d).  These mappings match very 
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well with the optical image in Figure 4.12a. All the Raman tests further consolidate the 

mechanism which is proposed above. 

 

 

Figure 4.13. Multipeak fitting analysis of the Raman peak of NbS2/MoS2 at 379.2 cm-1. It is 

revealed that this peak is formed by the overlap of A1 peak of NbS2 located at 377.1 cm-1 and E2 

peak of MoS2 located at 380.1 cm-1. 

 

Figure 4.14 Photoluminescence (PL) characterization of the NbS2/MoS2 heterostructure. (a) 

Optical image. (b) PL mapping of area marked with dashed rectangle in (a), shows the PL of MoS2 

was quenched in the heterostructure (region 2). (c) PL single spectra of pure MoS2, region 1 and 2 

in (a). The small change in PL of pure MoS2 and 1 indicates low dopant ratio of Nb in MoS2 (region 

1 in (a)). 

4.3.4 Physical Properties Characterizations of NbS2/MoS2 
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The physical properties of the NbS2/MoS2 heterostructure, such as optical properties and 

device performances, were also evaluated. PL single spectra and mapping were conducted 

on the pure MoS2 and heterostructure (region 1 and 2 in Figure 4.14a) respectively. From 

Figure 4.14b, it clearly shows that in region 2 (heterostructure), the PL of the bottom-layer 

MoS2 has been quenched because of the fast charge transfer process,[40] which confirms 

the high quality of metal/semiconductor interface. It is noted that the small change in PL 

single spectrum (Figure 4.14c) of the pure MoS2 and uncovered MoS2 (region 1) indicates 

a low dopant ratio (less than 0.5%) of Nb in the bottom-layer MoS2.
[41] 

 

To evaluate the quality of the interface, two-terminal devices were fabricated (the detailed 

process is described in the experiment part). Need to note that as shown in Figure 4.15a, 

the partially covered sample was patterned three electrodes to compare all the three types 

of contacts, Au/NbS2 (electrode 1 and 2), NbS2/MoS2 and Au/MoS2 (electrode 2 and 3). 

From Figure 4.15b, the FET Id-Vd curves were measured between electrode 1 and 2 under 

different gate voltages to see the Au/NbS2 contact. The good linearity of the Id-Vd curve 

shows a good contact between Au and NbS2. The drain current is up to 80 μA without any 

gating, indicating a good conductivity of NbS2. Besides, the drain current cannot be tuned 

by the gate voltage. This further confirm the metallic property of NbS2. The Contacts of 

NbS2/MoS2 and Au/MoS2 were compared via measure the Id-Vd curve between electrode 2 

and 3. As shown in Figure 4.15b, when the drain is applied at electrode 2 while the source 

at 3, a clear current rectification behavior with a rectification factor of around 5 can be 

observed. This reveals that there is a Schottky barrier between NbS2 and MoS2, which is 

larger than the barrier between Au and MoS2. This is consistent with the prior report[42] and 

the origin of the barrier should be the difference in work functions of the two materials 

(4.81 eV for NbS2 and 4.53eV for MoS2). Later, gate voltages were applied to see the 

change of the barrier height. As shown in Figure 4.15c, as the gate voltage was changed 

from 0V to 10 V, 30V and 50 V, the rectification factor is decreased from 5 to 3.75, 2.5 

and 2, indicating a reduced Schottky barrier. This 2D Schottky junction provides new 

configuration in the 2D electronic applications. Furthermore, by choosing new 2D metallic 

TMDC with lower work function, the Fermi level pinning is highly possible to be 

eliminated. 
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Figure 4.15 Device performance of NbS2/MoS2. (a) Optical image of the device. Three electrodes 

were patterned on the partially covered sample to compare the contacts. (b) FET Id-Vd curve 

measured between electrode 1 and 2 (Au/NbS2 contact). (c) FET Id-Vd curve measured between 

electrode 2 and 3 (comparison of NbS2/MoS2 and Au/MoS2 contact). (d) FET Id-Vd curves measured 

between electrode 2 and 3 under various gate voltages.  

4.4 Conclusions 

 

In conclusion, the syntheses of both largest area monolayer (20 µm) and few-layer (60 µm) 

NbS2, and for the first time, the preparation of 2D M/S TMDC vdW heterostructure 

NbS2/MoS2 are reported here, which is benefited from the contribution of sodium chloride 

on the reduction of melting point and the improvement of chemical reactivity of Nb2O5. 

Also, it is the difference in chemical reactivity between NbS2 and MoS2 precursors that 

results in the sequent growth, leading to the formation of this vertical heterostucture. TEM 

characterization offers firm evidence that shows the high quality, R-type stacking order 

and clean interface of the obtained NbS2/MoS2 heterostructure. PL characterization and 
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device measurement provided physical property supports of this M/S heterostructure. It is 

believed that this work could be developed into the syntheses of other 2D TMDC M/S 

heterostructures and will accelerate the research in the TMDC M/S interface. Since the 

mobility of CVD-grown MoS2 is low, most of which is less than 1 cm2V-1s-1, in the next 

section of this thesis, the focus will be shifted to the air-stable CVD-grown Bi2O2Se with 

a higher mobility (450 cm2V-1s-1). 
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Chapter 5* 

 

Synthesis and Phototransistor Application of Bi2O2Se 

 

Two-dimensional (2D) materials have been considered as intriguing 

building blocks for next generation optoelectronic devices. However, 

their photoresponse performance still needs to be improved for practical 

applications. Here, ultrasensitive 2D phototransistors are reported 

employing CVD-grown 2D Bi2O2Se transferred onto silicon substrates 

with a non-corrosive transfer method. The as-transferred Bi2O2Se 

preserved high quality in contrast to the serious quality degradation in 

HF-assisted transfer. The phototransistors showed a responsivity of 

3.5×104 AW−1, a photoconductive gain of more than 104, and a time 

response in the order of sub-millisecond. With back gating of the silicon 

substrate, the dark current could be reduced to several pA. This yields 

an ultrahigh sensitivity with specific detectivity of 9.0×1013 Jones, which 

is one of the highest values among 2D material photodetectors and two 

orders of magnitude higher than that of other CVD-grown 2D materials. 

The high performance of the phototransistor shown here together with 

the developed unique transfer technique are promising for the 

development of novel 2D material based optoelectronic applications. 

 

________________ 

*This section was published as Qundong Fu, Chao Zhu, Xiaoxu Zhao, Xingli Wang, Apoorva 

Chaturvedi, Chao Zhu, Xiaowei Wang, Qingsheng Zeng, Jiadong Zhou, Fucai Liu*, Stephen. 

Pennycook, Tay Beng Kang, Hua Zhang, and Zheng Liu*. Ultrasensitive Phototransistor Based on 

2D Bi2O2Se on Silicon Substrates, Adv. Mater., 2018. 
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5.1 Introduction 

 

Two dimensional (2D) materials have shown great potential for high-performance 

electronic devices, thanks to their dangling-bond-free surface and atomic thickness which 

bring merits of high carrier mobility, efficient channel current regulation and higher degree 

of vertical integration.[1-5] Many 2D semiconducting materials have shown outstanding 

phototransistor performances, such as MoS2,
[6-8] WSe2,

[9, 10] GaTe[11, 12] and SnSe2,
[13-15] 

because of their suitable energy bandgap and high mobility. Recently, a new type of 2D 

semiconductor Bi2O2Se has been prepared by chemical vapor deposition (CVD) with large 

area on fluorine mica substrate (f-mica, KMg3(AlSi3O10)F2).
[16-17] The merits of high 

mobility and superior air stability make it promising for optoelectronic applications.[18-19] 

 

However, the high dark current and small on/off ratio limit the performances of the 

photodetector based on Bi2O2Se on f-mica substrate.[20] Although a gate configuration can 

be used to regulate the dark current, it is difficult to realize on f-mica substrate in the 

photoresponse application. As the 280 nm SiO2/Si substrate (Si substrate) possesses 

inherent back gating, if Bi2O2Se can be transferred onto the Si substrate, not only the 

optoelectronic performance could be much improved, but also the applications of Bi2O2Se 

will be broadened since almost all integrated circuits are rooted in the silicon substrate. In 

the wet transfer of Bi2O2Se, hydrofluoric acid (HF) becomes the only f-mica etchant, due 

to the inertness of f-mica and strong electrostatic interaction between the sample and the 

substrate. Nevertheless, the highly corrosive HF which has the ability to penetrate issues is 

hazardous to handle.[21] More importantly, since HF is well known as one component of 

typical buffered oxide etchant (BOE),[22] Bi2O2Se will be inevitably etched by HF during 

the transfer process. 

 

Here, high-quality Bi2O2Se on 280 nm SiO2/Si substrate (Si substrate) was obtained and 

high-performance Bi2O2Se based phototransistor was demonstrated, via developing a non-

corrosive transfer method. Firstly, high-quality Bi2O2Se was synthesized on f-mica and the 

etching effect of HF acid during the transfer processes was verified. Based on this, a 

polystyrene (PS)-assisted non-corrosive transfer method[23] was developed to transfer the 
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Bi2O2Se crystal onto the Si substrate. The as-transferred Bi2O2Se retained a high quality 

and showed high phototransistor performances: (i) high photoresponsivity of 3.5×104 

AW−1; (ii) high photoconductive gain of 8×104; (iii) fast response timescale of 0.308 ms 

for the rise and 0.448 ms for the decay times and (iv) high specific detectivity of 9.0×1013 

Jones. Moreover, by applying a negative gate voltage, the dark current can be lowered to 

the order of pA, which is four orders of magnitude less than the value at zero gate voltage.[20]  

 

5.2 Experimental Methods 

 

5.2.1 CVD Synthesis of Bi2O2Se on f-mica 

 

 

Figure 5.1 Schematic of the CVD setup for the synthesis of Bi2O2Se on f-mica.   

The CVD process is schematically depicted in Figure 5.1. In detail, the setup is a split tube 

furnace with interconnected control system (1-Zone, 1200°C) and we used 1200 mm long 

fused quartz tubes with an outside diameter (O.D.) of 50 mm. Powders of Bi2Se3 and Bi2O3 

were used as precursors, placed in two alumina crucibles and Bi2O3 was located in the 

central zone while Bi2Se3 was located in the upstream with a distance of 8 cm. The f-mice 

substrate was placed downstream with a distance of 12 cm. The chamber was first pumped 

down to 6.0×10-2 Torr, and then 170 sccm (standard cubic centimeter per minute) Ar was 

introduced to reach a pressure of 350-400 Torr. The chamber was heated to 620 °C in 25 

min and held for 40 min. After that the furnace was cooled down naturally to room 

temperature and the chamber was refilled with Ar gas to reach atmospheric pressure.  
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5.2.2 AFM, SEM EDS and Raman Characterizations 

 

AFM was conducted under the Asylum Research Cypher Scanning Probe Microscope 

system with a tapping mode. SEM EDS characterization was performed under the JOEL 

JSM-7600F system with an accelerating voltage of 15 kV. Raman spectra were recorded 

by a Witec Raman system equipped with 100x objective lens and a grating of 1200 

lines/mm under 532 nm laser excitation. 

 

5.2.3 Transfer of Bi2O2Se Onto Cu Grid and STEM Characterization 

 

The TEM samples were prepared with a poly (methyl methacrylate) (PMMA) based 

transfer method. First, the f-mica substrates with the as-grown CVD samples were spin-

coated with PMMA at 3,000 r.p.m. for 60 s and then baked at 150 °C for 5 min. Afterward, 

PMMA-coated sample was peeled off by etching away the underneath f-mica in 2% HF 

solution. Next, the floating PMMA film was transferred to the DI water and scooped up by 

a TEM grid. The TEM grid was dried at 50 °C for 30 mins, and then submerged into acetone 

for about 24 h to remove PMMA. Finally, the TEM grid was rinsed by isopropyl alcohol 

(IPA) and dried in air. 

 

ADF-STEM imaging was carried out on an aberration-corrected JEOL ARM-200F 

equipped with a cold field emission gun, operating at 80 kV, and an Advanced STEM 

Corrector (ASCOR) probe corrector. The convergent semi-angle of the probe was set at 

about 30 mrad. ADF-STEM images were collected using a half-angle range from about 68 

to 280 mrad. A dwell time of 19 μs pixel−1 was set for single-scan imaging. EDS mapping 

was conducted using the Oxford X-Max 100TLE Silicon Drift Detectors (SDD) EDS 

system. 

 

5.2.4 PS-assisted Transfer of Bi2O2Se Onto Si Substrate 

 

The as-transferred Bi2O2Se was prepared with a PS assisted transfer method. First, the f-

mica substrate with the as-grown Bi2O2Se was spin-coated with PS at 3,500 r.p.m. for 60 
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s and then baked at 85 °C for 15 min. After the edge of f-mica was cut away, PS-coated 

sample was peeled off by a drop of DI water. Next, the floating PS film was transferred 

onto Si substrate. The Si substrate was dried at 80 °C for 1 h and then heated at 150 °C for 

30 mins to improve the contact between the sample and the Si substrate. Then the Si 

substrate was immerged into toluene for 24 h to remove PS and then into acetone for 5h to 

remove organic residuals. Finally, the Si substrate was dried by floating nitrogen. 

 

5.2.5 Devices Fabrication and Measurement  

 

After the Bi2O2Se was transferred onto the silicon substrate, the sample was then spin-

coated with PMMA. The electrode patterns were then defined by the Electron-beam 

Lithography (EBL) (Nova nanoSEM 230 with digital pattern generator Nabity-Nanometer 

Pattern Generation System (NPGS)). After the pattern was developed in Methyl Isobutyl 

Ketone (MIBK)/IPA, metal contacts (3 nm Cr/55 nm Au) were deposited by Kurt J. Lesker 

Nano 36 Thermal Evaporator. Electrical and photoresponse properties of the FETs were 

measured in the MicroXact Probe Station by Agilent B1500A Semiconductor Device 

Parameter Analyzer. The rise and decay time of the light response was measured by 

Tektronix MDO 3052 Mixed Domain Oscilloscope and Stanford Research SR540 Chopper 

Controller. 

 

5.3 Results and Discussions 

 

5.3.1 Synthesis and Characterization of Bi2O2Se on f-mica 

 

As depicted in Figure 5.2a, layered Bi2O2Se belongs to the I4/mmm space group, where 

oxygen atoms form a tetragonal lattice and the upper and lower bismuth atoms are stacked 

at different sets of tetragonal interstitial sites, forming a [Bi2O2]
2+ layer. Meanwhile 

selenium atoms which are filled in the other set of sites bind the upper and lower [Bi2O2]
2+ 

layers with weak electrostatic force, giving an interlayer spacing of about 0.61 Å. Large-

area single crystalline Bi2O2Se samples were prepared via a low-pressure chemical vapor 

deposition method (Figure 5.1).[17] Briefly, in a 2-inch quartz tube, bismuth selenide and 
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bismuth oxide powders were placed in the high-temperature zone while the f-mica was put 

at the downstream low-temperature zone. Under a pressure of 400 Torr, the growth 

temperature was elevated to 620 ℃ in 25 min and held for 40 min, and then cooled down 

to room temperature naturally. 

 

 

Figure 5.2 Synthesis and characterization of Bi2O2Se. (a) Crystal structure of Bi2O2Se. (b) Optical 

image of square Bi2O2Se on f-mica. The size is around 100 μm. (c) AFM topography of the as-

grown Bi2O2Se. The thickness is around 5.2 nm, which is consistent with an eight-layer sample. (d) 

Raman spectrum of Bi2O2Se with the characteristic A1g peak at 159.1 cm-1. 

As shown in Figure 5.2b, Bi2O2Se sample up to 100 μm was obtained with a square 

morphology, indicating the tetragonal crystal group of Bi2O2Se. As determined by atomic 

force microscopy (AFM, Figure 5.2c), the surface of the as-grown sample is clean and 

homogeneous and the thickness is around 5.2 nm, which corresponds to an eight-layer 

sample. The characteristic A1g peak of Bi2O2Se can be found at ~159.1 cm-1 in the Raman 

spectrum (Figure 5.2d), which shows good consistency with the prior reports.[24-25]  
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Figure 5.3 STEM characterization of Bi2O2Se. (a) Low magnification ADF-STEM image. (b) The 

atomic-resolution ADF-STEM image of Bi2O2Se shows tetragonally arranged atoms. (c) FFT 

pattern of (b). Squarely arranged spots indicate the crystal space group of I4/mmm. (d-f) EDS 

mappings of elements Bi (d), Se (e) and O (f) in Bi2O2Se sample show uniform distribution of the 

three elements. 

To further determine the atomic structure and chemical composition, annular dark-field 

(ADF) imaging and energy-dispersive X-ray spectroscopy (EDS) mapping were conducted 

on an aberration-corrected scanning transmission electron microscope (STEM) system. 

Figure 5.3b shows the ADF-STEM image of the square atom lattice while Figure 5.3c is 

the corresponding fast Fourier transform (FFT) of Figure 5.3b. The square arrangement of 

spots, (200), (11̅0) and (110) in Figure 5.3c confirms the I4/mmm space group of Bi2O2Se. 

As shown in Figure 5.3d-5.3f, EDS element mappings demonstrate the uniform distribution 

of elements Bi, Se and O. All the results confirm the high quality of our CVD-grown 

Bi2O2Se. 
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Figure 5.4 Demonstration of the etching effect of HF acid. (a) Schematic of normal transfer process 

using HF acid. (b-g) Changes of optical images and Raman spectra of Bi2O2Se with the HF 

treatment for different times. (b-c) Initial state. (d-e) Partial etching and disappearance of the 

Raman peak at 30 s. (f-g) Almost full etching and nearly disappearance of the Raman peak at 90 s. 

5.3.2 PS-assisted Transfer of Bi2O2Se onto Si substrate 

 

As discussed above, the inertness of f-mica and the electrostatic interaction between the 

Bi2O2Se and f-mica make it hard to do the transfer. The normal transfer process using HF 

acid as the substrate etchant is schematically depicted in Figure 5.4a. Firstly, PMMA was 

spin-coated on the surface and Bi2O2Se together with PMMA was separated from f-mica 

as the substrate was etched by HF. This process will take about half an hour. After 

transferred to the desired substrate, PMMA was removed by acetone, leaving the 

uncovered Bi2O2Se. However, usage of the corrosive HF acid is hazardous. Besides, as HF 

is well known as a component of BOE, the Bi2O2Se will definitely be etched during the 

above process. To demonstrate the etching effect of HF, the etching process of Bi2O2Se 

was tracked by immersing samples in the 2% HF acid. Figure 5.4b shows the untreated 

Bi2O2Se flake, while Figure 5.4d and 5.4f show the same sample after HF treatment for 30 

s and 90 s, respectively. As shown in Figure 5.4d and 5.4f, a high-quality square Bi2O2Se 

was partially etched after 30 s treatment and almost fully etched after 90 s treatment. The 
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etching effect was also verified by Raman spectra shown in Figure 5.4c, 5.4e and 5.4g. It 

turns out that the Raman signal was significantly weakened after 30 s and nearly vanished 

after 90 s.  

 

 

Figure 5.5 STEM of the etched Bi2O2Se. (a) Low magnification ADF-STEM image shows non-

uniform contrast, which indicates the non-flat surface brought by the etching effect. (b) Nanopores 

in Bi2O2Se after the transfer using HF acid and magnified images (c) and (d). The evidence that 

nanopores exist in ADF-STEM images under different magnifications further verifies that Bi2O2Se 

has been etched by HF acid during the transfer process. 

To elaborate this etching effect, the HF-assisted transferred sample was investigated under 

aberration-corrected STEM. From Figure 5.5a, the nonuniform contrast in the low 

magnification image indicates the partial etching of this sample. In addition, nanopores 

found in both the low and high magnification images (Figure 5.5b-5.5d) further confirmed 

that Bi2O2Se had been etched by HF acid during the transfer process. Therefore, a non-

corrosive transfer method is highly demanded to transfer Bi2O2Se onto other substrates. 
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Figure 5.6 PS-assisted transfer of Bi2O2Se. (a) Schematic of PS-assisted transfer process. (b-g) 

Changes of optical images and Raman spectra of Bi2O2Se with the DI water treatment at different 

times. (b-c) Initial state. (d-g) No obvious changes could be observed after the DI water treatment 

with 2 h and 24 h, which indicates good stability during this process. 

 

Figure 5.7 Characterization of the as-transferred Bi2O2Se. (a) Optical image and (b) SEM image 

shows the uniform contrast, indicating the success of the developed non-corrosive method. (c) 

Raman spectrum of the as-transferred Bi2O2Se on the Si substrate. (d) FET Id -Vg curve of the as-

transferred Bi2O2Se. The mobility is calculated to be about 107 cm2V-1s-1, which is the same order 

with the prior reports. 

Here, a PS-assisted transfer method was developed (schematically presented in Figure 

5.6a).[22] Briefly, PS was first spin-coated on the surface of f-mica and then baked at 80 ℃ 
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for 15min. Then the PS film together with Bi2O2Se was peeled away from the f-mica under 

the assistance of deionized (DI) water. The PS film was then placed on the Si substrate and 

baked at 70 ℃ for 1 h, and finally washed out by toluene, leaving the Bi2O2Se sample on 

the Si substrate. The more hydrophobic surface property together with the much stiffer film 

property of the PS film distinguish it with the PMMA film, which make it much easier to 

peel off from the f-mica substrate.[23] The superior stability of Bi2O2Se in DI water is 

demonstrated in Figure 5.6b-5.6g. As a striking contrast to the HF acid treatment, no 

obvious changes can be found in the optical images (Figure 5.6b, 5.6d and 5.6f) and Raman 

spectra (Figure 5.6c, 5.6e and 5.6g) even after a 24 h DI water treatment.  

 

 

Figure 5.8 AFM, SEM and EDS characterization of the as-transferred Bi2O2Se. (a) AFM 

topography of the as-transferred Bi2O2Se. The thickness obtained from the height profile is about 

7.8 nm. (b) SEM image shows the uniform contrast and flat surface. (c) EDS of the as-transferred 

Bi2O2Se (marked with pink square in (b)). The ratio of Bi to Se is about 1.93, which shows a good 

chemical stoichiometry. 
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Figure 5.7a shows the optical image of Bi2O2Se on Si substrate after the transfer. Scanning 

electron microscopy (SEM) image shows a uniform surface of the as-transferred sample 

(Figure 5.7b). Raman spectrum (Figure 5.7c) presents the characteristic A1g peak at ~159 

cm-1, which matches well with that of the sample on f-mica. As presented in Figure 5.8a 

(AFM), the thickness of this as-transferred sample is about 7.8 nm. The SEM EDS (Figure 

5.8c) provides the information of chemical composition, in which the ratio of Bi to Se is 

around 1.93. This shows very good chemical stoichiometry within the allowed equipment 

error. All of these demonstrate the robustness of our non-corrosive transfer method. 

 

5.3.3 The Phototransistor Application of Bi2O2Se on Si Substrate 

 

To further evaluate the quality of the samples, two-terminal devices were fabricated based 

on the as-transferred Bi2O2Se flakes on the Si substrate to examine the electrical transport 

and photoresponse properties. Details of the device fabrication processes are described in 

the experimental section. Figure 5.7d shows the output and transfer curves of the Bi2O2Se 

transistor using SiO2/Si as a back gate. It can be seen that the transistor exhibits an n-type 

semiconducting behavior, which is in accordance with previous reports.[18, 19] The two-

terminal field-effect mobility (𝜇2𝑝) of the device could be calculated by fitting the linear 

region in Id-Vg curve using the equation 𝜇2𝑝 =
𝑑𝐼𝑑

𝑑𝑉𝑔
×

𝐿

𝑊𝐶𝑖𝑉𝑑
 , where L is the channel length, 

W is the channel width, Ci is the capacitance between the channel and the back gate per 

unit area (𝐶𝑖 = 𝜀0𝜀𝑟/𝑑; 𝜀0 is vacuum permittivity, 𝜀𝑟 is the relative permittivity, and d is 

the thickness of SiO2 layer). The 𝜇2𝑝 of the as-transferred Bi2O2Se device is calculated as 

about 107 cm2V-1s-1, which is the same order as the reported value in a Hall mobility 

measurement.[16] Suppressing the scattering from the surface by encapsulating a high-κ 

dielectric layer may further improve the mobility.[26-28] 
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Figure 5.9 Photoresponse performances of the transferred Bi2O2Se. (a) FET Id -Vd curves of the 

transferred Bi2O2Se under different light powers. Inset: the optical image of the device. (b-c) The 

light power dependence of (b) photocurrent (Iph) as a function of bias, (c) the photoresponsivity (R) 

and photogain (G). The maximum R and G are 3.5×104 AW-1 and 8.0×104 respectively. (d) The 

largest photocurrent (10.7 μA) obtained in the experiment under the light power of 5.0 nW. 

The high field-effect transistor (FET) performance of the as-transferred Bi2O2Se and the 

convenience of the gate tunability on the Si substrate make it attractive for optoelectronic 

applications. The optoelectronic behavior of Bi2O2Se phototransistor was systematically 

investigated by exploring the photocurrent at different optical powers, applied drain and 

gate voltages. Figure 5.9a shows the photocurrent at different drain voltages under the 

excitation of 532 nm light with different powers. The device (inset of Figure 5.9a) can 

generate photocurrent as high as 3.5 μA even under the illumination of an incident light 

power of about 0.1 nW and the bias of 500 mV. As the light power increases from 0.1 nW 

to 5 nW, the photocurrent increases gradually from 3.5 μA to 10.7 μA (Figure 5.9d). The 

light power dependence of the photocurrent is plotted with a log-log scale (Figure 5.9b), 
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where the photocurrent can be expressed by a simple power law (Iph ≈ P0.30). The non-unity 

exponent is attributed to the complex processes including the electron-hole generation, 

trapping, and recombination within the semiconductor.[13] One of the most important 

parameters for a photodetector is the photoresponsivity (R), which is the ratio of generated 

photocurrent (Iph) and incident optical power (𝑅 = 𝐼𝑝ℎ /𝑃𝑆, where P is the power density 

and S is the effective area). Figure 5.9c shows the photoresponsivity acquired at different 

light powers. The photoresponsivity reaches up to 3.5×104 AW−1, which is one of the 

highest values of reported 2D semiconductors[13,29-34] and much higher than that of the 

commercial Silicon device (0.5 AW-1).[35] The photoconductive gain (G) is another 

parameter to evaluate the performance of a phototransistor, which is defined by the 

equation 𝐺 = 𝑅ℎ𝜐/𝜂𝑞, where η is the external quantum efficiency (EQE), q is the electron 

charge, h is Planck's constant, and υ is the frequency of the incident light. Assuming η = 

100%, G is estimated to be 8.0×104 (Figure 5.9c). The charge traps by the surface-bound 

water on the silicon substrate (photovoltaic effect) and the band tail states near the band 

edge (photoconductive effect) together contribute to the high gain of the phototransistor.[36-

37] Note that under strong light illumination, the recombination rate of the photocarriers will 

increase and thus the lifetime will decrease, which results in a slight decrease of the gain 

in Figure 5.9c.[37] 

 

 

Figure 5.10 Dynamic time response of Bi2O2Se phototransistor. (a) The on/off test of photocurrent 

under the power of 0.1 nW and the bias of 0.5 V. The photoresponsivity is as high as 3.5×104 AW-

1. (b-c) The exponential fitting of the dynamic response of photocurrent for the rise (b) and decay 

(c). The deduced rise (τrise) and decay (τdecay) time constants are about 0.308 and 0.448 ms. 
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The response time is a critical factor for high-speed photodetector. Here, the response time 

was investigated by monitoring the change of the photocurrent while alternatively turning 

on and off the light illumination using a mechanical chopper (see the experimental section). 

As shown in Figure 5.10a, the photocurrent changes as a function of time with a good 

repeatability. In order to investigate the fast response of the photocurrent, the photocurrent 

change at the initial stage of the light illumination on and off was recorded (Figure 5.10b 

and 5.10c). The dynamic response of the photocurrent for the rise and decay can be 

expressed by 𝐼(𝑡) =  𝐼dark + 𝐴𝑒𝑥𝑝(𝑡/𝜏𝑟𝑖𝑠𝑒 𝑜𝑟 𝑑𝑒𝑐𝑎𝑦),[38] where A, t and τ are the scaling 

constant, on or off state duration time and rise or decay time constant, respectively. By 

fitting the photocurrent trace, the rise and decay time constants of the measured device are 

figured out to be about 0.308 ms and 0.448 ms, respectively, which is already a very good 

result for photodetectors based on 2D semiconductors.[13,29-34] By using a more sensitive 

measurement technique like ultrafast two-pulse photovoltage correlation measurements,[39] 

the response time of Bi2O2Se could be improved in consideration of the limitation of the 

current equipment. 

 

 

Figure 5.11 Schematic of the Bi2O2Se phototransistor on the Si substrate, which provides the 

convenience of back gating. 
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Figure 5.12 Gate-tunable photoresponse of the transferred Bi2O2Se. (a) FET Id-Vg curve of the 

transferred Bi2O2Se under different light powers. The dark current could be reduced to several pA. 

(b) The photoresponsivity under different gate voltages, which could be tuned from 10 to 3.6×104 

AW-1. (c) The specific detectivity and on/off ratio under different gate voltages. (d) The 

photoconductive gain as a function of light power under different gate voltages. 

The gate bias dependence of the photoresponse was also investigated. The silicon based 

back-gating configuration can be applied to the as-transferred Bi2O2Se device for tuning 

the dark current as well as the photoresponse (Figure 5.11). Figure 5.12a presents the Id-Vg 

curves under dark and light illumination, in which significant photocurrent is generated 

when the gate voltage is changed from 50 V to -50 V. As the light intensity increases, the 

Id-Vg transfer curve shifts to the left significantly, owing to the positive gate effect caused 

by the trapped photogenerated holes in the interface between the Bi2O2Se channel and Si 

substrate. Figure 5.12b shows the gate dependence of the photoresponsivity, which could 

be tuned from 10 to 3.6×104 AW−1 under a light power of 0.2 nW and a bias of 0.5 V. Such 

back-gate tunability is of great importance in phototransistors because it adds an additional 
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dimension to engineer the photoresponsivity and photoconductive gain for the detection of 

light in a wide range (Figure 5.12d). The reason for the decrease of the responsivity at high 

gate voltage might be ascribed to the reducing contribution of the photogating effect on the 

photocurrent under high electrostatic gating effect.[37] Furthermore, due to the evident n-

type behavior of the sample, the device shows large dark current at zero gating (hundreds 

of nA), which will cause a high consumption of power at off state. By applying a negative 

gate voltage, the dark current could be reduced significantly to several pA because of the 

higher Schottky barrier. As a result, the on/off ratio of the current between the light 

irradiation and dark state can reach ~ 107 (Figure 5.12c). The specific detectivity (D*) is a 

parameter to evaluate the sensitivity of the photodetector, which is defined by the noise 

equivalent power (NEP) equation 𝑁𝐸𝑃 = (𝐴𝛥𝑓)1/2/𝐷∗ where A is the effective area of 

the photodetector and 𝛥𝑓is the electrical bandwidth. When the shot noise from the dark 

current is the major limiting factor of 𝐷∗ , 𝐷∗  can be expressed as 𝐷∗ = 𝑅𝐴1/2/

(2𝑒𝐼𝑑𝑎𝑟𝑘)1/2.[40-42] As shown in Figure 5.12c, D* reaches its maximum value at a gate of -

32 V where a much smaller dark current and a relatively large photocurrent contribute 

jointly to this result. The maximum D* obtained here is up to 9.0×1013 Jones, which is 

much higher than that of the commercial Silicon device (~1012 Jones).[43] Also, it is one of 

the highest values among 2D material based photodetectors and two orders of magnitude 

higher than that of other CVD-grown 2D materials reported.[13,26-31] 

 

To compare the photodetector performances of the as-transferred Bi2O2Se with other 2D 

semiconductors prepared by CVD and mechanical exfoliation (ME) methods, the 

photoresponsivity (R/Vd), dynamic response time (𝜏𝑟𝑖𝑠𝑒) and specific detectivity (D*) are 

summarized in Table 1. Here the photoresponsivity was divided by the bias voltage (Vd) 

to exclude the contribution of Vd to the photocurrent, assuming that the photocurrent 

increases linearly with Vd. It is noted that our Bi2O2Se photodetectors show excellent 

performance in the photoresponsivity and specific detectivity, both of which are among the 

highest values in photodetectors based on 2D semiconductors. In addition, the specific 

detectivity of our Bi2O2Se photodetectors is two orders of magnitude larger than that of 

other CVD-grown 2D materials, which is ascribed to the reduced dark current by the back 

gating of silicon substrate. In terms of the dynamic response time, although CVD-grown 
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MoS2 and SnS2 have better performances (0.07 ms and 0.005 ms), they are limited their 

much lower photoresponsivity (less than 0.1 AW-1V-1) and specific detectivity (less than 

1010), which are five and four orders of magnitude smaller than our results (7.0×104 AW-

1V-1 and 9.0×1013 Jones). Therefore, compared with other 2D semiconductors, our as-

transferred Bi2O2Se showed overall high photodetector performances. 

Table 1. Comparison of phototransistor performance based on the as-transferred Bi2O2Se with 

other 2D semiconductors prepared by CVD or mechanical exfoliation (ME) methods. 

Device 
Fabrication 

method 

Responsivity/Vd 

(AW-1V-1) 

Detectivity 

(Jones) 

Rise time 

(ms) 
Ref. 

MoS2 CVD 0.057 1×1010 0.07 29 

ReS2 CVD 1208 4.44×1010 2 30 

SnS2 CVD 0.0044 1×109 0.005 31 

SnSe2 CVD 337 1×1010 14.5 13 

InSe ME 15.7 1×1011 50 34 

In2Se3 ME 79 1×1010 18 33 

GaTe ME 55 1×1012 48 32 

Bi2O2Se CVD 70000 9×1013 0.308 This work 

 

5.3.4 Direct CVD Synthesis of Bi2O2Se on Si Substrate and its Application 

 

Apart from the transfer of CVD-grown Bi2O2Se from f-mica to Si substrate, a direct CVD 

method to synthesize Bi2O2Se on Si substrate (direct-method Bi2O2Se) was also developed. 

From Figure 5.13a, a square Bi2O2Se could be obtained by direct CVD method. From the 

AFM topography in Figure 5.13b, the sample surface is uniform. It can be known from the 

crystal structure that there are many dangling bonds on the surface of Bi2O2Se. Therefore, 

weak electrostatic interaction from f-mica could lower the surface potential of Bi2O2Se and 

samples with a small thickness can be stabilized. On electroneutral Si substrate, the surface 

potential is high, especially the few-layer samples. Thus, the smallest thickness that can be 

obtained from the direct CVD is around 51.0 nm (Figure 5.13b), where the much higher 

thickness contributes to reduce the surface potential. The same as samples on f-mica, tho 

representative A1g Raman peak, 158.5 cm-1, can be found in the Raman spectrum (Figure 



Synthesis and Substrate Engineering of Bi2O2Se                                                    Chapter 5 
 

123 
 

5.13c). SEM EDS was also used to determine the element ratio of Bi to Se, which was 

found to be around 1.98 (Figure 5.13d), indicating a very good chemical stoichiometry of 

the direct-method Bi2O2Se on Si substrate. Hence, direct-method Bi2O2Se was identified 

by All these characterizations. 

 

 

Figure 5.13 Characterizations of direct-method Bi2O2Se on Si substrate. (a) Optical image of 

direct-method Bi2O2Se. (b) AFM topography of direct-method Bi2O2Se. The thickness extracted 

from the line height profile is around 51.0 nm. (c) Raman spectrum of direct-method Bi2O2Se. The 

characteristic A1g peak could be found at 158.5 cm-1. (d) SEM EDS of direct-method Bi2O2Se. The 

element ratio of Bi to Se was found to be 1.98. 

The transport and photoresponse properties of the direct-method sample were studied in 

the same method as the transferred sample. Figure 5.14a and 5.14b show the FET Id-Vg and 

Id-Vd transfer curves of the device, in which n-type semiconducting behavior can be clearly 

observed and the mobility is about 36.9 cm2V-1S-1, which is much lower than the sample 

on f-mica. This indicates the quality of the direct-method sample on Si substrate might not 

be as good as that on f-mica. The linear relationship in the Id-Vd curve shows a good contact 

between the metal electrode and Bi2O2Se. The photoresponse properties were investigated 

under different gate voltages and light intensities. Figure 5.14c shows the Id-Vg curves 
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under different light intensities. Both the dark drain current and the photocurrent could also 

be tuned under different gate voltages. As the gate voltages is changed from -60 V to 60 V, 

the photocurrent could be tuned from 0.14 uA to 9.7 uA under a bias of 0.5 V (Figure 

5.14d).  

 

 

Figure 5.14 The FET and photoresponse performances of the direct-method Bi2O2Se. (a-b) FET 

Id-Vg and Id-Vd transfer curves. (c) Id-Vg curves under various light intensities. (d) On/off 

photocurrent test under various gate voltages. 

In addition, the power dependence of the photoresponse properties was further analyzed in 

Figure 5.15. As the light intensity increases, the photocurrent ranges from 0.16 uA to 9.7 

uA can be generated under the gate voltage of 60 V (Figure 5.15a), which can be expressed 

by a simple law Iph ≈ P0.75. As shown in Figure 5.15b, the photoresponsivity (R) increases 

as the gate voltage is changed from -60 V to 60 V. The maximum R obtained at the gate of 

60 V is around 2.5×104 AW−1, which is a bit smaller than the as-transferred one. This may 

be ascribed to the lower quality of direct-method Bi2O2Se as some cracks can be found in 
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the OM image. It should be the difference in the expansion coefficients between the Si 

substrate and Bi2O2Se that results in these cracks of Bi2O2Se crystals in the cooling process. 

The specific detectivity (D*) also increases as the gate voltage is changed from -60 V to 

60 V (Figure 5.15c). The maximum D* at the gate of 60 V is around 5×1010 Jones, which 

is much lower than the as-transferred sample. As the D* at the gate voltage of 30 V and 60 

are really close, it seems the value here is the maximum D for this thickness. This should 

be owing to the large dark current as the sample thickness of direct-method Bi2O2Se is 

much higher (51.0 nm). Moreover, the maximum D* appears at the gate of 60V, which is 

very different from the as-transferred sample (Figure 5.15c). Hence, the photodetector 

performance of the direct-method Bi2O2Se still needs to be improved by modifying the Si 

surface in the future. 

 

 

Figure 5.15 The power dependence of the photoresponse properties of the direct-method Bi2O2Se 

under various gate voltages. (a) The power dependence of the photocurrent (Iph). (b) The power 

dependence of the photoresponsivity (R). (c) The power dependence of the specific detectivity (D*). 

 

5.4 Conclusion 

 

In summary, a non-corrosive method was developed to transfer Bi2O2Se onto the Si 

substrate, and the Bi2O2Se film retained a high quality after transfer. Then phototransistor 

devices based on the as-transferred Bi2O2Se on the Si substrate were fabricated. The 

devices showed overall high performances in photodetection: high responsivity of 3.5×104 

AW−1, large photoconductive gain of 8×104, and fast response time of 0.308 ms for the rise 

and 0.448 ms for the decay processes. Benefiting from the gate tunability on Si substrate, 
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the devices showed a very low dark current as well as high specific detectivity up to 

9.0×1013 Jones. Such ultrasensitive photodetection is promising for the development of 2D 

optoelectronic devices. The developed transfer method also opens a wealth of possibilities 

to integrate high-quality Bi2O2Se with the silicon complementary metal-oxide–

semiconductors technologies. Also, the Bi2O2Se synthesized by the direct CVD method 

showed high quality and good phototransistor performance. The successful CVD synthesis 

of Bi2O2Se creates lots of opportunities for the electronic applications of this material, such 

as CMOS inverters, which will be discussed in the next chapter. 

 

References 

 

[1] M. Liu, X. Yin, E. Ulin-Avila, B. Geng, T. Zentgraf, L. Ju, F. Wang, X. Zhang, 

Nature 2011, 474, 64. 

[2] B. Radisavljevic, A. Radenovic, J. Brivio, i. V. Giacometti, A. Kis, Nat. 

Nanotechnol. 2011, 6, 147. 

[3] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, M. S. Strano, Nat. 

Nanotechnol. 2012, 7, 699. 

[4] F. Liu, W. L. Chow, X. He, P. Hu, S. Zheng, X. Wang, J. Zhou, Q. Fu, W. Fu, P. 

Yu, Adv. Funct. Mater. 2015, 25, 5865. 

[5] J. Zhou, J. Lin, X. Huang, Y. Zhou, Y. Chen, J. Xia, H. Wang, Y. Xie, H. Yu, J. Lei, 

Nature 2018, 556, 355. 

[6] Z. Yin, H. Li, H. Li, L. Jiang, Y. Shi, Y. Sun, G. Lu, Q. Zhang, X. Chen, H. Zhang, 

Acs Nano 2011, 6, 74. 

[7] O. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic, A. Kis, Nat Nanotechnol. 

2013, 8, 497. 

[8] W. Zhang, J. K. Huang, C. H. Chen, Y. H. Chang, Y. J. Cheng, L. J. Li, Adv. Mater. 

2013, 25, 3456. 

[9] W. Zhang, M.-H. Chiu, C.-H. Chen, W. Chen, L.-J. Li, A. T. S. Wee, Acs Nano 2014, 

8, 8653. 

[10] T. Wang, K. Andrews, A. Bowman, T. Hong, M. Koehler, J. Yan, D. Mandrus, Z. 

Zhou, Y.-Q. Xu, Nano Lett. 2018, 18, 2766. 



Synthesis and Substrate Engineering of Bi2O2Se                                                    Chapter 5 
 

127 
 

[11] F. Liu, H. Shimotani, H. Shang, T. Kanagasekaran, V. Zólyomi, N. Drummond, V. 
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Chapter 6* 

 

High-performance CMOS Inverters Based on n-type Bi2O2Se 

and p-type WSe2 

 

The continuing scaling of silicon-based metal-oxide-semiconductor 

field-effect transistor is hindered by the serious short channel effect in 

sub-10 nm channel length. Thanks to the atomic thickness and non-

dangling surface, which leads to efficient channel regulation, high level 

of integration and high mobility, two-dimensional (2D) semiconductors 

have shown great potential in the electronic and optoelectronic research. 

Here, the CMOS inverters based on n-type Bi2O2Se and p-type WSe2 

have been demonstrated on both f-mica and silicon substrate. On f-mica 

substrate, under the gating of ion liquid, a gain of 3.5 can be obtained at 

the supply voltage of only 1.0 V. Dynamic voltage response at the 

frequency of 100 Hz shows good response with almost no voltage lose. 

On silicon substrate, the CMOS inverter showed a high gain of 2.2 at the 

supply voltage of 5.0 V, a high noise margin of 5.2 VDD and a low power 

consumption at the order of 10-9 W. Although further optimization is 

needed to improve the performance of the current device, the high 

potential of Bi2O2Se shown here open a wealthy of possibilities in 

amounts of promising applications. 

_______________ 

*This section is under preparation as Qundong Fu, Chao Zhu, Xiaoxu Zhao, Xingli Wang, Apoorva 

Chaturvedi, Jiadong Zhou, Fucai Liu*, Stephen John Pennycook, Tay Beng Kang, Hua Zhang, and 

Zheng Liu*. High-performance CMOS Inverters Based on n-type Bi2O2Se and p-type WSe2. 2018. 
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6.1 Introduction  

 

As the miniaturization of silicon-based metal-oxide-semiconductor field-effect transistors 

(MOSFET) continues, the rapid growth of the transistor number on a chip enables lower 

operating voltage and faster operating speed.[1,2] Nevertheless, the subsequent short channel 

effect also becomes destructive to the performance when the channel length is lowered to 

sub-10 nm regime.[3,4] Although the multi-gate architectures push the scaling to 7 nm, new 

methods are highly demanded in the further scaling.[5,6] As the thickness could be smaller 

than 1/3 of the gate length, which provides an active channel regulation, ultrathin materials 

have drawn huge attention.[7-9] In addition, two dimensional (2D) semiconducting materials 

possess the merits of high mobility and higher degree of vertical integration.[10-14] Therefore, 

2D electronics and optoelectronics have shown attracted huge interests since then. One of 

these significant applications is complementary metal-oxide-semiconductor (CMOS) 

inverter, which is an essential circuit unit providing opposite output logic signal to the input 

with fast speed and low power consumption. Many 2D semiconductors have shown high 

CMOS inverter performance, such as MoS2, WSe2, MoTe2,
[15-18] thanks to their suitable 

energy bandgap and high mobility. However, the stability of either the intrinsic channel 

material (MoTe2)
[18] or the doping material (K doped WSe2)

[16] is not satisfactory. 

 

Recently, a new type of 2D semiconducting material Bi2O2Se has been prepared via 

chemical vapor deposition with a large area.[19] More importantly, it has been proved to 

possess high mobility and superior air stability over months.[20,21] All of these virtues make 

it a competitive candidate in the application of the CMOS inverter. Here, the CMOS 

inverters based on n-type Bi2O2Se and p-type WSe2 have been demonstrated on both f-

mica and silicon substrate. On f-mica, under the gating of ion liquid, a gain of 3.5 can be 

obtained at the supply voltage of only 1.0 V. Dynamic voltage response at the frequency 

of 100 Hz shows good response with almost no voltage lose. On silicon substrate, the 

CMOS inverter showed a high gain of 2.2 at the supply voltage of 5.0 V, a high noise 

margin of 5.2 VDD and a low power consumption at the order of 10-9 W. Although further 

optimization could improve the performance, the high potential of Bi2O2Se proved here 

sheds light on amounts of promising applications in the future. 
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6.2 Experimental Methods 

 

6.2.1 CVD Synthesis of Bi2O2Se on f-mica 

 

 

Figure 6.1 Schematic of the CVD setup for the synthesis of Bi2O2Se on f-mica.   

The CVD process is schematically depicted in Figure 6.1. In detail, the setup is a split tube 

furnace with interconnected control system (1-Zone, 1200°C) and we used 1200 mm long 

fused quartz tubes with an outside diameter (O.D.) of 50 mm. Powders of Bi2Se3 and Bi2O3 

were used as precursors, placed in two alumina crucibles and Bi2O3 was located in the 

central zone while Bi2Se3 was located in the upstream with a distance of 8 cm. The f-mice 

substrate was placed downstream with a distance of 12 cm. The chamber was first pumped 

down to 6.0×10-2 Torr, and then 170 sccm (standard cubic centimeter per minute) Ar was 

introduced to reach a pressure of 350-400 Torr. The chamber was heated to 620 °C in 25 

min and held for 40 min. After that the furnace was cooled down naturally to room 

temperature and the chamber was refilled with Ar gas to reach atmospheric pressure.  

 

6.2.2 AFM and Raman Characterizations 

 

AFM was conducted under the Asylum Research Cypher Scanning Probe Microscope 

system with a tapping mode. Raman spectra were recorded by a Witec Raman system 

equipped with 100x objective lens and a grating of 1200 lines/mm under 532 nm laser 

excitation. 
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6.2.3 Transfer of Bi2O2Se onto Cu Grid and STEM Characterization 

 

 

Figure 6.2 Schematic of the transfer process of Bi2O2Se using HF acid for TEM characterization.   

The TEM samples were prepared with a poly (methyl methacrylate) (PMMA) based 

transfer method. First, the f-mica substrates with the as-grown CVD samples were spin-

coated with PMMA at 3,000 r.p.m. for 60 s and then baked at 150 °C for 5 min. Afterward, 

PMMA-coated sample was peeled off by etching away the underneath f-mica in 2% HF 

solution. Next, the floating PMMA film was transferred to the DI water and scooped up by 

a TEM grid. The TEM grid was dried at 50 °C for 30 mins, and then submerged into acetone 

for about 24 h to remove PMMA. Finally, the TEM grid was rinsed by isopropyl alcohol 

(IPA) and dried in air. 

 

ADF-STEM imaging was carried out on an aberration-corrected JEOL ARM-200F 

equipped with a cold field emission gun, operating at 80 kV, and an ASCOR probe 

corrector. The convergent semi-angle of the probe was set at about 30 mrad. ADF-STEM 

images were collected using a half-angle range from about 68 to 280 mrad. A dwell time 

of 19 μs pixel−1 was set for single-scan imaging. EDS mapping was conducted under the 

Oxford X-Max 100TLE SDD EDS system. 

 

6.2.4 PS-assisted Transfer of Bi2O2Se Onto Si Substrate 

 

The as-transferred Bi2O2Se was prepared with a PS assisted transfer method. First, the f-

mica substrate with the as-grown Bi2O2Se was spin-coated with PS at 3,500 r.p.m. for 60 

s and then baked at 85 °C for 15 min. After the edge of f-mica was cut away, PS-coated 

sample was peeled off by a drop of DI water. Next, the floating PS film was transferred 
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onto Si substrate. The Si substrate was dried at 80 °C for 1 h and then heated at 150 °C for 

30 mins to improve the contact between the sample and the Si substrate. Then the Si 

substrate was immerged into toluene for 24 h to remove PS and then into acetone for 5h to 

remove organic residuals. Finally, the Si substrate was dried by floating nitrogen. 

 

6.2.5 Devices Fabrication and Measurement 

 

To fabricate the CMOS inverter, a p-type WSe2 sample was transferred onto the f-mica or 

Si substrate using a scotch tape method. Firstly, the WSe2 sample was exfoliated manually 

by the scotch tape to few layers and then exfoliated onto a soft substrate polydimethylsilane 

(PDMS). On the PDMS, WSe2 was located under the optical microscopy, and transferred 

to the position near the Bi2O2Se flakes on f-mica or Si substrate. 

 

After the transfers of Bi2O2Se (onto silicon) and WSe2 were finished, the samples were 

then spin-coated with PMMA. As f-mica is insulated, a conductive layer (20 nm thin film 

of Au or AR-PC 5090.02 conductive protective layer) was spin-coated above the PMMA 

on f-mica substrate. The electrode patterns were then defined by the EBL (Nova nanoSEM 

230 with digital pattern generator Nabity-NPGS). An additional electrode was deposited 

near the two samples for the purpose of the gating by ion liquid (diethyl methyl (2-

methoxyethyl) ammonium bis(trifluoromethylsulfonyl) imide, DEME-TFSI). After the 

pattern was developed in MIBK/IPA, metal contacts (3 nm Cr/55 nm Au) were deposited 

by Kurt J. Lesker Nano 36 Thermal Evaporator. As the Electrical and photoresponse 

properties of the FETs were measured in the MicroXact Probe Station by Agilent B1500A 

Semiconductor Device Parameter Analyzer. 

 

6.3 Results and Discussions  

 

6.3.1 Synthesis and Characterization of Bi2O2Se on f-mica 

 

As depicted in Figure 6.1, layered Bi2O2Se belongs to I4/mmm space group, where oxygen 

atoms form a tetragonal lattice and the upper and lower bismuth atoms are stacked at 
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different sets of tetragonal interstitial sites, forming a [Bi2O2]
2+ layer. Meanwhile selenium 

atoms which are filled in the other set of sites bind the upper and lower [Bi2O2]
2+ layers 

with weak electrostatic force, giving an interlayer spacing about 0.61 Å. Large-area single 

crystalline Bi2O2Se samples were prepared via a low-pressure chemical vapor deposition 

method (Figure 6.1).[19] Briefly, in a 2-inch quartz tube, bismuth selenide and bismuth 

oxide powders were placed in the high-temperature zone while the f-mica was put at the 

downstream low-temperature zone. Under the pressure of 400 Torr, the growth temperature 

was elevated to 620 ℃ in 25 min and held for 40 min, and then cooled down to room 

temperature naturally. 

 

 

Figure 6.3 Synthesis and characterization of Bi2O2Se. (a) Crystal structure of Bi2O2Se. (b) Optical 

image of square Bi2O2Se on f-mica. The size is around 40 μm. (c) AFM topography of the as-grown 

Bi2O2Se. The thickness is around 3.5 nm, which is related to 5-layer sample. (d) Raman spectrum 

of Bi2O2Se with the characteristic A1g peak at 160.6 cm-1. 

As shown in Figure 6.3b, Bi2O2Se sample with a size of around 40 μm was obtained with 

a square morphology, indicating the high quality and tetragonal crystal group of Bi2O2Se. 

As determined by atomic force microscopy (AFM, Figure 6.3c), the surface of our sample 
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is clean and homogeneous and the thickness is around 3.5 nm, corresponding to a 5-layer 

sample. The characteristic A1g peak of Bi2O2Se (~160.6 cm-1) can be found in the Raman 

spectrum (Figure 6.3d), which shows good consistency with the prior report.[19]  

 

 

Figure 6.4 STEM characterization of Bi2O2Se. (a) Low magnification ADF-STEM image. (b) The 

atomic-resolution ADF-STEM image of Bi2O2Se shows tetragonally arranged atoms. (c) FFT 

pattern of (b). Squarely arranged spots indicate the crystal space group of I4/mmm. (d-f) EDS 

mappings of elements Bi (d), Se (e) and O (f) in Bi2O2Se sample show uniform distribution of three 

elements. 

To further determine the atomic structure and chemical composition, annular dark-field 

(ADF) imaging and energy-dispersive X-ray spectroscopy (EDS) mapping were conducted 

on an aberration-corrected scanning transmission electron microscope (STEM) system. 

Figure 6.4b shows the ADF-STEM image of squarely arranged atom lattice while Figure 

6.4c is the corresponding fast Fourier transform (FFT) of Figure 6.4b. The squarely 

arranged spots (200), (11̅0) and (110) in Figure 6.4c confirm the I4/mmm space group of 

Bi2O2Se. As shown in Figure 6.4d-6.4f, EDS element mappings consolidate the uniform 
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distribution of elements Bi, Se and O. All the results confirm the high quality of our CVD-

grown Bi2O2Se. 

 

 

Figure 6.5 FET performance of Bi2O2Se on f-mica. (a) Optical image of the CMOS inverter based 

on Bi2O2Se and WSe2 device. An additional electrode is for the gate use of ion liquid (IL). (b) The 

FET Id-Vd curve of Bi2O2Se under different gate voltages. (c) The FET Id-Vg curve of Bi2O2Se. 

6.3.2 The CMOS Inverter Application of Bi2O2Se on f-mica Substrate 

 

To fabricate CMOS inverter devices, two-terminal devices based on Bi2O2Se and WSe2 

were fabricated at the same time and details of the device fabrication processes are 

described in the method part. Here, ion liquid diethyl methyl (2-methoxyethyl) ammonium 

bis(trifluoromethylsulfonyl) imide (DEME-TFSI) was used to gate both the Bi2O2Se and 

WSe2 devices. Therefore, an additional electrode was fabricated near the two devices 

(Figure 6.5a). The electrical transport property of Bi2O2Se FET was examined first. Figure 

6.5b and 6.5c show the Id-Vd and Id-Vg curves of the Bi2O2Se transistor. The good linearity 

in Id-Vd curve indicates a good contact between the electrode and Bi2O2Se. Under the gate 

of 2.0 V and the bias of 0.1 V, the device can generate a current as high as 41.0 μA. From 

the Id-Vg curve, the transistor exhibits clear n-type semiconducting behavior with on/off 

ratio of 105, which matches well with previous reports. The field-effect mobility of the 

device could be calculated by fitting the linear region in Id-Vg curve using the equation 𝜇 =

𝑑𝐼𝑑

𝑑𝑉𝑔
×

𝐿

𝑊𝐶𝑖𝑉𝑑
 , where L is the channel length, W is the channel width, Ci is the capacitance 

between the channel and the back gate per unit area. The mobility of this Bi2O2Se is 

calculated about 235 cm2V-1s-1, which is almost the same as the reported value in a Hall 

mobility measurement.[20] 
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Figure 6.6 FET performances of WSe2 and Bi2O2Se in a CMOS inverter on f-mica substrate. (a) 

Raman spectrum of WSe2. (b) The FET Id-Vg curves of WSe2 (black) and Bi2O2Se (blue). Inset: 

circuit symbol of CMOS inverter. 

Meanwhile, the transfer curve of the p-channel WSe2 which has been verified by Raman 

spectrum (Figure 6.6a) is shown in Figure 6.6b. Although these two curves show very good 

symmetry (Figure 6.6b), which is essential for the CMOS inverter, the drain current and 

mobility of WSe2 (1.2 μA and 17 cm2V-1s-1) are both a bit smaller than those of Bi2O2Se 

(7.5 μA and 65 cm2V-1s-1). This might affect the CMOS inverter performance. Note that 

the quality of Bi2O2Se may be not as good as the previous one. Nevertheless, this results 

in a good match of these two materials. 

 

As shown in the inset of Figure 6.6b, two FETs are connected in series while WSe2 (p-FET) 

was connected to the drain supply and the source was of Bi2O2Se (n-FET) was grounded. 

As shown in Figure 6.5a, a droplet of IL was dropped at the additional electrode and at the 

same time covered both the n-type and p-type channels. Thus, the Vin signal was provided 

by this gate electrode and the Vout signal was collected at the common electrode of the two 

FETs. The voltage transfer curves of the CMOS inverter (Vout versus Vin) under different 

VDD are shown in Figure 6.7, from which clear signal inversion can be observed with low 

Vin and high Vout and vice versa under all the VDD voltages. The voltage gain (G) is a 

significant parameter to access the switch efficiency of the CMOS inverter, which is 

defined as the absolute value of 𝜕𝑉𝑜𝑢𝑡 𝜕𝑉𝑖𝑛⁄ . From Figure 6.7, the gains of 1.3, 2.6 and 3.5 

can be obtained at the VDD voltages of 0.2 V, 0.5 V and 1.0 V, respectively. This is already 
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a very good result at the VDD of only 1.0 V compared to prior reports.[15,16] Although the 

further increase of VDD may lead to higher gain, the high voltage will also lead to the quality 

degradation of the channel materials, which may be ascribed to the contamination of the 

impurity (H2O) in the IL. 

 

 

Figure 6.7 CMOS transfer curves and gains under different VDD. (a) 0.2 V, (b) 0.5 V and (c) 1.0 V. 

Clear signal inversion can be observed with low Vin and high Vout and vice versa. 

Noise margin is another parameter to evaluate the performance of CMOS inverter, which 

means the amount of noise that a circuit can withstand. Two types of noise margins which 

are high-state (NMH) and low-state (NML) are calculated by using the formula NMH=VOH-

VIH and NML=VIL-VOL, where VOH stands for the minimum high output voltage, and VIH 

is the minimum high input voltage, and VIL is the maximum low input voltage, and VOL is 

the maximum low output voltage. VIH and VIL are the input voltages where the slope value 

of the voltage transfer curve is -1, corresponding to the gain value of 1, while VOH and VOL 

are the corresponding output voltages, respectively. Here, the noise margins of the inverter 

are figured out to be NMH = 0.52 VDD and NML = 0.15 VDD for VDD = 1.0 V. The reason 

for the small NML should be the fluctuation shown in the gain curve (Figure 6.7c) caused 

by the reaction with the impurity in the IL. This could also be verified by the power 

consumption of the CMOS inverter (Figure 6.8), where it is 10-10 W at the VDD of 0.2 V 

(Figure 6.8a) while at the VDD of 1.0 V, it reaches up to 10-6 W (Figure 6.8c), indicating a 

significant increase of the drain current.  
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Figure 6.8 The power consumption of the CMOS inverter under different VDD. (a) 0.2 V, (b) 0.5 

V and (c) 1.0 V. 

 

Figure 6.9 Dynamic switch behaviors of the CMOS inverter under different frequencies. (a) 10 Hz, 

(b) 100 Hz and (c) 500 Hz. 

To test the dynamic response of the CMOS inverter, a square wave of 0 V and 2.5 V was 

applied to examine the output voltage response. As shown in Figure 6.9a, when the 

frequency is 10 Hz, the response is good with almost no delay. However, the overshoot 

and undershoot behavior of ion liquid is evident owing to the slow charging and 

discharging process of the ion liquid. When the frequency was elevated to 100 Hz and 500 

Hz, first small and then obvious delay can be observed. Besides, the voltage lose is also 

obvious in the 500 Hz test, which is ascribed to the increased current during the dynamic 

switch process as discussed above.  
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Therefore, the CMOS inverters based on n-type Bi2O2Se and p-type WSe2 have been 

demonstrated with a gain of 3.5 at the VDD of only 1.0 V and a dynamic response of 100 

Hz without obvious voltage lose. However, the impurity of the ion liquid leads to a high 

drain current which limits the further improvement of this method. The CMOS inverter on 

silicon substrate was then fabricated and evaluated.  

 

6.3.3 The CMOS Inverter Application of Bi2O2Se on Silicon Substrate 

 

Firstly, a non-corrosive PS-assisted transfer method was developed (Figure 6.10).[22] 

Briefly, PS was first spin-coated on the surface of f-mica and then baked at 80 ℃ for 15min. 

Then the PS film together with Bi2O2Se was peeled away from f-mica under the assistance 

of DI water. The PS film was then placed on Si substrate and baked at 70 ℃ for 1 h, and 

finally washed out by toluene, leaving the Bi2O2Se sample on Si substrate.  

 

 

Figure 6.10 Schematic of the non-corrosive PS-assisted transfer process.  

After Bi2O2Se and WSe2 were transferred onto silicon substrate, the device fabrication 

processes were almost the same as those on f-mica substrate, which are described in the 

method part. The back-gating configuration on 280 nm SiO2/Si substrate provide the 

convenience of the gating for the CMOS inverter. The electrical transport property of 

Bi2O2Se FET was evaluated first. Figure 6.11a shows the FET Id-Vd curves of the Bi2O2Se 

transistor while Figure 6.11b and 6.11c present Id-Vg curves of the Bi2O2Se and WSe2 

transistors, respectively. The good linearity in Id-Vd curve indicates a good contact between 

the electrode and Bi2O2Se. Under the gate of 40.0 V and the bias of 1.0 V, the device can 

generate a current as high as 25.2 μA. From the Id-Vg curves, the Bi2O2Se transistor exhibits 

clear n-type semiconducting behavior with the on/off ratio of 106 (Figure 6.11b), while the 
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WSe2 transistor shows ambipolar but more p-type behavior with the on/off ratio of 105 

(Figure 6.11c). The field-effect mobility of the device could be calculated by fitting the 

linear region in Id-Vg curve using the equation 𝜇 =
𝑑𝐼𝑑

𝑑𝑉𝑔
×

𝐿

𝑊𝐶𝑖𝑉𝑑
 , where L is the channel 

length, W is the channel width, Ci is the capacitance between the channel and the back gate 

per unit area (𝐶𝑖 = 𝜀0𝜀𝑟/𝑑; 𝜀0 is vacuum permittivity, 𝜀𝑟 is the relative permittivity, and d 

is the thickness of SiO2 layer). The mobility of this Bi2O2Se is calculated about 107 cm2V-

1s-1, which is a bit smaller than the reported value.[20] 

 

 

Figure 6.11 FET performances of WSe2 and Bi2O2Se in a CMOS inverter on Si substrate. (a) The 

FET Id-Vd curves of Bi2O2Se transistor under different gate voltages. (b-c) The FET Id-Vg curves 

of Bi2O2Se (b) and WSe2 (c) transistors. 

Meanwhile, the mobility of WSe2 is calculated to be around 21.7 cm2V-1s-1, a bit higher 

than that on f-mica. This further confirms that the quality of the ion liquid is not good. The 

same case as that on f-mica, the drain current and mobility of WSe2 (1.8 μA and 21 cm2V-

1s-1) are still a bit smaller than those of Bi2O2Se (25.2 μA and 107 cm2V-1s-1). Note that the 

quality of the as-transferred Bi2O2Se here is as good as the one on f-mica. Hence, a better 

performance is expected for the CMOS inverter on silicon substrate. 

 

As shown in Figure 6.12, the performance of CMOS inverter based on WSe2 (p-FET) and 

Bi2O2Se (n-FET) was evaluated in the same method. The voltage transfer curves of the 

CMOS inverter (Vout versus Vin) under different VDD are shown in Figure 6.12, from which 

clear signal inversion can be observed with low Vin and high Vout and vice versa under all 

the VDD voltages. From Figure 6.12, the gains of 0.48, 1.3 and 2.2 can be obtained at the 

VDD voltages of 1.0 V, 3.0 V and 5.0 V, respectively. Compared to 2D inverters using 
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silicon based back-gating, this value is a very good result.[18] The further increase of VDD 

may lead to higher gain, and thus better performance of the CMOS inverter. 

 

 

Figure 6.12 CMOS transfer curves and gains under different VDD. (a) 1.0 V, (b) 3.0 V and (c) 5.0 

V. Clear signal inversion can be observed with low Vin and high Vout and vice versa. 

 

Figure 6.13 The power consumption of the CMOS inverter under different VDD. (a) 0.2 V, (b) 0.5 

V and (c) 1.0 V. 

The noise margins of the CMOS inverter on silicon substrate are found to be NMH = 5.2 

VDD and NML = 6.4 VDD for VDD = 5.0 V. The reason for the large NMH should be the 

small applied VDD compared with the gate voltages (Figure 6.12). The better performance 

of the CMOS inverter could also be seen in the power consumption of the CMOS inverter 

(Figure 6.13), where it is 10-11 W at the VDD of 1.0 V (Figure 6.13a) and keep at the level 

of 10-9 W at the VDD of 5.0 V. This is superior performance in the power consumption.  
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6.4 Conclusions 

 

In summary, the CMOS inverters based on n-type Bi2O2Se and p-type WSe2 have been 

demonstrated both on f-mica substrate and silicon substrate. On f-mica, under the gating 

of ion liquid, a gain of 3.5 can be obtained at the VDD of only 1.0 V. Dynamic voltage 

response at the frequency of 100 Hz shows good response with almost no voltage lose. On 

silicon substrate, the CMOS inverter showed a high gain of 2.2 at the VDD of 5.0 V, a high 

noise margin of 5.2 VDD and a low power consumption at the level of 10-9 W. This 

overcomes the drawbacks of ion liquid. In the future, by encapsulating a high-κ dielectric 

layer or improving the contact of WSe2, the CMOS inverter performance could be much 

improved. 
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Chapter 7 

 

Conclusions and Recommendations for Future Work 

 

This chapter will first give a summary to the research work. Based on 

this, discussions on the hypotheses will be presented and how the 

hypotheses have been demonstrated will be illustrated. Furthermore, 

future work will be provided and recommendations will be proposed. 
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7.1 Conclusions 

 

This thesis is aimed to improve the performance of 2D materials in electronic and 

optoelectronic applications, such as high mobility, high sensitivity and high gain. 

 

Firstly, the aim of this work is to improve the FET performance of MoS2 via contact 

engineering of metal/semiconductor (M/S) vdW heterostructure with an atomically sharp 

interface prepared by CVD method. Amounts of methods including phase engineering,[1] 

chemical doping,[2] tunneling layer insertion[3] and vdW contact[4] have been developed to 

improve the M/S contact. Among these methods, vdW contact is of great advantages as 

other methods are limited by their less-than-perfect stability. Besides, vdW TMDC 

heterostructure is properly prepared by the chemical vapor deposition (CVD) method with 

larger size and clean interface. In the CVD synthesis of TMDC vdW heterostructures, there 

were many successful reports but they were focused on the 

semiconductor/semiconductor.[5] While M/S TMDC vdW heterostructures are less 

explored which might be due to the high melting points and low chemical reactivity of 

metal oxide feedstocks and the crystal lattice mismatch. In this work, with the assistance 

of NaCl, the drawbacks of metal oxide precursors are effectively overcome.[6] Therefore, 

for the first time, the M/S TMDC vdW heterostructure NbS2/MoS2 was synthesized via a 

one-step halide-assisted CVD method. Compared with the sulfurization of the pre-

deposited oxide,[7] this one-step method provides the high crystal quality and clean 

interface of the NbS2/MoS2 heterostructure. OM, SEM and XPS were used to identify this 

M/S vdW heterostructure. TEM provided firm evidences of the high crystal quality and the 

R-type stacking order between the two layers. Via regulating the growth time and tracking 

the morphology change, the growth mechanism was proposed that MoS2 finished the 

growth first and subsequently served as a superior substrate for the growth of NbS2. Raman 

mapping was applied to verify this mechanism. The quench of PL (MoS2) in the 

heterostructure provided physical support of the M/S structure. The device measurement 

further revealed a Schottky barrier in the M/S interface and this barrier could be tuned 

when a gate was applied. In summary, the novel halide-assisted method was developed to 

prepare M/S TMDC vdW heterostructure with an atomically sharp interface. This provides 
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an excellent platform for the research of M/S TMDC vdW heterostructures. 

 

Secondly, the aim of this work is to prepare high-mobility Bi2O2Se and achieve high 

photodetector performance of Bi2O2Se via transferring the high-quality Bi2O2Se onto 280 

nm SiO2/Si substrate (Si substrate) by a non-corrosive method. The inherent back gate 

configuration on Si substrate is applied to reduce the dark current and then improve the 

sensitivity of Bi2O2Se photodetector. While graphene has a very high mobility but the lack 

of an energy band gap leads to a high off current and small on/off ratio,[8] MoS2 has a 

suitable bandgap but limited performance even after the device optimization.[9] Hence, the 

chasing of high-mobility 2D semiconductors has been a hot research topic in recent years. 

A new competitive candidate is the Bi2O2Se which has suitable band gap and high 

mobility.[10] Bi2O2Se has been prepared by CVD method on f-mica substrate with large 

size[11] and also showed high potential in the photoresponse application.[12] However, the 

large dark current curtails its performance regarding on/off ratio and specific detectivity. 

[13] Although a gate configuration can be used to regulate the dark current, it is difficult to 

realize on f-mica substrate in the photoresponse application. As the Si substrate possesses 

inherent back gating, if Bi2O2Se can be transferred onto Si substrate, the optoelectronic 

performance can be much improved. In the wet transfer of Bi2O2Se, hydrofluoric acid (HF) 

becomes the only f-mica etchant, due to the inertness of f-mica and strong electrostatic 

interaction between the sample and the substrate. Nevertheless, the highly corrosive HF 

which has the ability to penetrate issues is hazardous to handle. More importantly, the 

etching effect of HF acid during the transfer process has been verified by OM, Raman and 

STEM characterizations. Therefore, a non-corrosive PS-assisted method has been 

developed to transfer Bi2O2Se onto Si substrate.[14] In striking contrast to the quality 

degradation in the HF-assisted transfer, the as-transferred Bi2O2Se retained a high quality. 

Based on the as-transferred Bi2O2Se, ultrasensitive 2D phototransistors were demonstrated, 

which showed a responsivity of 3.5×104 AW−1, a photoconductive gain of more than 104, 

and a time response in the order of sub-millisecond. With the back gating of silicon 

substrate, the dark current could be reduced to several pA. This yields an ultrahigh 

sensitivity with the specific detectivity of 9.0×1013 Jones, which is one of the highest values 

among 2D material photodetectors and two orders of magnitude higher than that of other 
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CVD-grown 2D materials.[15] Hence, the essential role of the back-gating configuration on 

Si substrate in improving the photodetector performance has been proved. The high 

performances of the phototransistor shown here together with the developed unique 

transfer technique are promising for the development of novel 2D material based 

optoelectronic applications. 

 

Thirdly, the aim of this work is to improve the performance and stability of the CMOS 

inverters based on 2D semiconductor. Continuous scaling of silicon-based metal-oxide-

semiconductor field-effect transistor is hindered by the serious short channel effect in sub-

10 nm channel length.[16] Thanks to the atomic thickness and non-dangling surface, which 

leads to efficient channel regulation, high level of integration and high mobility, 2D 

semiconductors have shown great potential in the electronic and optoelectronic research. 

One of these significant applications is complementary metal-oxide-semiconductor 

(CMOS) inverter, which is an essential circuit unit providing opposite output logic signal 

to the input with fast speed and low power consumption. Many 2D semiconductors have 

shown high CMOS inverter performance, such as MoS2, WSe2, MoTe2 thanks to their 

suitable energy bandgap and high mobility.[17-20] However, the stability of either the 

intrinsic channel material (MoTe2) or the doping material (K doped WSe2) is not 

satisfactory. As demonstrated, CVD-grown Bi2O2Se has the merits of large size, high 

mobility and superior stability in air, which makes it promising in the application of the 

CMOS inverter. As Bi2O2Se showed n-type semiconducting behavior, WSe2 was chosen as 

the p-channel. The CMOS inverters based on n-type Bi2O2Se and p-type WSe2 have been 

demonstrated with clear signal inversion (low Vin and high Vout, and vice versa) on both f-

mica and silicon substrate. On f-mica substrate, under the gating of ion liquid, a gain of 3.5 

can be obtained at the supply voltage of only 1.0 V. Dynamic voltage response at the 

frequency of 100 Hz shows good response with almost no voltage lose. However, the 

impurity in ion liquid leads to the serious degradation of the channel material and thus large 

drain current at the supply voltage of 1.0 V. Since Bi2O2Se was transferred onto Si substrate, 

CMOS inverters were also fabricated on silicon substrate, which showed a high gain of 2.2 

at the supply voltage of 5.0 V, a high noise margin of 5.2 VDD and a low power consumption 

at the order of 10-9 W. Further optimization such as the usage of high-mobility p-type 
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material (black phosphorus), encapsulation of high-κ dielectric layer and improvement of 

the WSe2 contact is needed to improve the performance of the current device. Nevertheless, 

the high potential of Bi2O2Se shown here open a wealthy of possibilities in amounts of 

promising applications. 

 

7.2 Discussions on the Hypotheses 

 

As discussed in chapter 1, the hypothesis of this thesis is the CVD syntheses of M/S TMDC 

vdW heterostructure NbS2/MoS2 and ternary compound Bi2O2Se and their improvement in 

the performance of electronic and optoelectronic applications, such as the mobility, the 

sensitivity and the gain. 

 

Firstly, the CVD syntheses of M/S TMDC vdW heterostructure NbS2/MoS2 and ternary 

compound Bi2O2Se have been demonstrated. In the synthesis of NbS2/MoS2 vdW 

heterostructure, as CVD has been proved successful in the synthesis of semiconductor 

/semiconductor TMDC vdW heterostructure. The difficulty needed to be overcome is the 

high melting points and low chemical reactivity of the metal oxide precursors. It has been 

proved that with the assistance of the NaCl, the melting point of the precursors will be 

much lower and the chemical reactivity will be much improved. This is because the 

formation of the metal oxychloride through the reaction of the NaCl and the metal oxides. 

One more problem may be the crystal lattice mismatch of the two materials. To overcome 

this, we choose NbS2 and MoS2 as the metallic and semiconducting TMDC, which have 

close crystal lattice parameter. Besides, these two materials share the same anions, which 

will be much easier to control the growth. More importantly, these two materials have a 

good separation in the growth temperature, which allows the sequential growth in a one-

step process. As a result, the NbS2/MoS2 vdW heterostructure was successfully prepared 

via a halide-assisted one-step method. It was verified by the OM, SEM, XPS, Raman 

spectrum and STEM characterizations. Also, the physical support from PL mapping and 

FET current rectification, which will be discussed later. For the synthesis of ternary 

compound Bi2O2Se, as CVD is already successful to synthesize the ternary compound 

WSSe from the precursors of WS2 and WSe2 powers. And different with WSSe which 
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could be any ratio between S and Se, Bi2O2Se has a fixed ratio of O to Se (2:1). Thus, it 

should be much easier to synthesize Bi2O2Se from the precursors of Bi2O3 and Bi2Se3 

powders. Actually, Bi2O2Se could also be synthesized by the oxidation of Bi2Se3. However, 

it turns out some samples are partially oxidized. Hence, high-quality Bi2O2Se has been 

synthesized by the reaction of Bi2O3 and Bi2Se3 through a low-pressure CVD method. It 

was verified by the OM, Raman spectrum and STEM characterizations. Hence, the 

hypothesis here has been proved. 

 

Secondly, the contact engineering via vdW M/S TMDC contact. The high crystal quality 

and clean interface have been confirmed by the STEM. PL mapping provides the physical 

support of metal/semiconductor while PL single spectrum proves low interlayer mixing 

ratio, which further confirms the atomically sharp interface. The current rectification 

behavior indicates the formation of Schottky barrier and the tunability of the barrier under 

different gate voltages reveals the elimination of the Fermi level pinning effect. Hence, the 

hypothesis of contact engineering via vdW M/S contact is also proved. Note that more 

measurements are required to provide more details of this contact.  

  

Thirdly, the non-corrosive transfer and the better performance originated from the back 

gate on Si substrate. The CVD-grown Bi2O2Se has shown high mobility, superior stability 

and good responsivity. The high dark of hundreds of nA leads to small on/off ratio and low 

sensitivity. A gate configuration could be applied to reduced the dark current. However, it 

is hard to realize on f-mica. Then transfer of Bi2O2Se onto substrates with inherent gate 

architecture such as 280 nm SiO2/Si (Si substrate) becomes a good solution. In the wet 

transfer of Bi2O2Se, hydrofluoric acid (HF) becomes the only f-mica etchant, due to the 

inertness of f-mica and strong electrostatic interaction between the sample and the substrate. 

Nevertheless, the highly corrosive HF which has the ability to penetrate issues is hazardous 

to handle. More importantly, since HF is well known as one component of typical buffered 

oxide etchant (BOE), Bi2O2Se will be inevitably etched by HF during the transfer process. 

Therefore, a PS-assisted method has been developed to successfully transfer Bi2O2Se onto 

silicon substrate. This is because the high surface energy of PS in contact with DI water, 

which leads to fast separation of the PS film together with Bi2O2Se from f-mica substrate. 
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As evaluated by the OM, SEM, Raman spectrum, EDS and FET performance, the high 

quality of Bi2O2Se was maintained, which indicates the success of the developed transfer. 

On Si substrate, the dark current could be reduced to several pA under the back gating of 

Si substrate. While the photocurrent was kept on the order of μA, the specific detectivity 

was then elevated to 9×1013 Jones, which is one of the highest values among 2D 

photodetectors and two orders of magnitude larger than that of the CVD-grown 2D 

materials. Hence, both of the hypotheses have been proved.   

 

Last but not the least, the fabrication of CMOS inverters based on n-type Bi2O2Se and p-

type WSe2 and the impact of the dielectric layer to the performance. Bi2O2Se has shown n-

type semiconducting behavior with high mobility (235 cm2V-1s-1) and high on/off ratio 

(105), while WSe2 showed p-type behavior with a mobility of 17 cm2V-1s-1. The CMOS 

inverters based on n-type Bi2O2Se and p-type WSe2 have been demonstrated with clear 

signal inversion (low Vin and high Vout, and vice versa) both on f-mica substrate and Si 

substrate. On f-mica, under the gating of ion liquid, a gain of 3.5 can be obtained at the 

VDD of only 1.0 V. Dynamic voltage response at the frequency of 100 Hz shows good 

response with almost no voltage lose. Since Bi2O2Se was transferred onto Si substrate, 

CMOS inverters were also fabricated on silicon substrate, which showed a high gain of 2.2 

at the VDD of 5.0 V, a high noise margin of 5.2 VDD and a low power consumption at the 

level of 10-9 W. Although the symmetry matching is not good for these two materials, the 

CMOS inverter have been demonstrated. Besides, the Si substrate overcomes the 

drawbacks of ion liquid which indicates the essential role of the dielectric layer. In the 

future, by encapsulating a high-κ dielectric layer or improving the contact of WSe2, the 

CMOS inverter performance could be much improved. 

 

7.3 Future Work and Recommendations 

 

In the future, many works in this thesis should be carried on and lots of opportunities could 

also be found. 
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For the M/S vdW TMDC heterostructure, more device measurements should be conducted. 

This includes the more detailed Id-Vg curves under the shining of light to see whether there 

is any photogenerated voltage. It also includes Id-Vd curves at different temperatures to 

calculate the height of Schottky barrier. Otherwise, to measure the Id-Vd under certain gate 

voltage but two different temperature or certain temperature but different gate voltages is 

also possible to see the change of the barrier height. In addition, for the CVD synthesis, 

different material systems could also be explored, such as TaS2 and WS2, which have close 

crystal lattice parameter but large temperature separation of the growth temperature. And 

the stability of TaS2 is better than that of NbS2. Hence, TaS2/WS2 may be a good 

metal/semiconductor junction system. 

 

For the Bi2O2Se photodetector, to reduce the dark current, a layer of PbS quantum dots on 

the surface may also be effective and simple way.[21] It has been reported that for the PbS 

quantum dots on the surface of graphene, when shined a light, the generated holes will be 

transferred to graphene, leaving the negative charges in the interface. Note that these 

negative charges served as a negative gate for the device. Hence, when coated on the 

surface of Bi2O2Se, the photoinduced negative gate may reduced the dark current of 

Bi2O2Se, which will improve the total photoresponse performance.  

 

For the CMOS inverters based on Bi2O2Se, two main factors need to be improved. On one 

hand, the performance of p-channel. It clear that the performance of WSe2 is not 

satisfactory. Therefore, to use high-mobility p-type 2D semiconductor, such as black 

phosphorus[22] and layered tellurene (2D tellurium),[23] or to improve the contact between 

the metal electrode and WSe2
[24] are highly possible to improve the performance of CMOS 

inverter. On the other hand, the application of high-κ dielectric layer.[25] This will improve 

the FET performance of both channel material and thus improve the CMOS inverter 

performance. Higher gain is expected because of the faster switch of the channel materials 

encapsulated by high-κ dielectric layer. 
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