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Abstract 

    The emergence of two-dimensional (2D) layered materials offers a new platform 

for investigating the physics of nano-systems and developing novel industrial devices 

with amazing performance. With one dimension approaches atomic scale, the 

properties of this ultrathin layer exhibit largely distinct from their bulks. Since 

discovery of graphene in 2004, the family of 2D materials has rapidly expanded to a 

number of graphene-like materials. Among them, black phosphorus (BP) and indium 

selenide (InSe) are semiconductors with promising electrical conductivity and tunable 

band gaps, which make up the deficiency of graphene for logic device applications. 

However, the large area fabrication, as the pre-requisite for practical applications, has 

not been achieved for both these two materials up to now.  

    In this thesis, firstly, an unexplored 2D form of BP, namely amorphous BP (a-BP) 

were grown on different substrates by pulsed laser deposition (PLD), with the film 

thickness ranging from 2 to 10 nm and in-plane size beyond 10 mm
2
. In contrast to 

crystalline BP, a-BP is defined as highly disordered phase with atoms arranged in BP 

framework. Although the processing conditions of BP crystal is tough, the wafer-scale 

a-BP film is obtained at a relatively low temperature of 150 
o
C.  The thickness 

dependent band gap of a-BP films is observed from the optical analysis. By 

fabricating into field-effect transistors (FETs), p-type semiconductive feature with 
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large tunable mobility are achieved. In addition, because of the low synthesis 

temperature, a-BP films can be directly grown on polymer substrates for fabricating 

into flexible devices. The performance of the devices is barely influenced by the 

uniaxial strain. Secondly, photocarrier dynamics of the ultrathin a-BP films with 

different thickness are studied. By characterizing with resolved pump-probe system, 

the 2 nm thick a-BP film exhibits the excitons diffusion coefficient of 5 cm
2
s

-1
, 

which is much larger than that of amorphous silicon. Moreover, the diffusion length 

of exciton attains 450 nm with consideration for a long lifetime of 400 ps. Thirdly, 

high quality layered InSe nanosheets with large area are deposited by PLD. The 

crystal structure and chemical composition are investigated by various techniques. A 

large tunable band gap across from 1.26 eV to 2.20 eV is shown by optical 

measurements. Besides, the FETs and phototransistors based on InSe films are 

fabricated and characterized, revealing high electron mobility and broadband 

photodetection ability from UV to NIR. 

    In conclusion, wafer-scale synthesis of high quality 2D BP and InSe has been 

achieved by PLD. The electrical and optical properties and device demonstrations 

based on these two materials have been investigated. These studies lead us to realize 

fruitful electronic and optoelectronics applications with outstanding performance.               
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 Introduction Chapter 1  

1.1 Background 

1.1.1 Two-dimensional layered materials 

During the past century, the development of modern digital electronics follows the 

prediction trend of the well-known Moore’s law, which declares that the number of 

transistors within an affordable integrated circuit would double every two years.
1–3

 

Higher quantity means smaller size of each transistor, which depends on the capability 

of the semiconductor industry. With transistor size approaching atomic-scale, the 

prediction is reaching its limit because of less growth room.
4–6

 Moreover, the circuits 

are easier to be overheated when more and more Si-based transistors are integrated 

into a small chip.
6
 The manufacture cost is also largely increased for fabricating 

smaller-sized transistors.
 
In order to address the problems, new methods or materials, 

with smaller size and generating less heat, should be explored to replace the 

transitional Si-based electronics.  

In the recent decade, two-dimensional layered materials (2DLM), defined as 

stacking of atomically thin crystalline layers by van der Waals (vdW) force, have 

attracted significant interests in both fundamental research and industrial 

applications.
7–10

 In general, these ultrathin nanosheets not only occupy small space 

and spend less energy, but also have exceptional optical transparency and good 

mechanical flexibility.
11

 Except sharing many attractive properties from their bulk 
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counterparts, 2DLM may also exhibit some unique characteristics due to the quantum 

confinement effect.
8
  Moreover, most of the 2DLM have a uniform surface and free 

of dangling bonds, which makes up the typical drawback of traditional 

semiconductors.
7
 To date, the expanding portfolio of 2DLMs includes semimetals 

(e.g., graphene, bismuthene),
12–14

 semiconductors (e.g., MoS2, black phosphorus, 

indium selenide),
15–17

 insulators (e.g., hexagonal boron nitride),
18,19

 superconductors 

(e.g., NbSe2),
20

 topological insulators (e.g., Bi2Se3),
21–23

 and ferromagnetics (e.g., 

CrI3),
24

 accessing a variety of applications related to energy, electronics and 

photonics.
25–28

 In addition, the heterostructures or superlattices based on different 

2DLMs may also result in new physics or unique functions.
29,30

 

 

Figure 1.1 a) STM image revealing atomically resolved graphene lattice. b) The low 
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resolution ARPES results show the band structure of graphene.
28

 

The most typical 2DLM is graphene, which rapidly becomes a hot research topic 

since it was realized from the graphite in 2004.
9,10

 Graphene is an atomically thin 

carbon layer with sp
2
 hybridization (Figure 1.1a). In spite of its short history, graphene 

has shown many exciting properties, including excellent electrical, thermal 

conductivity (3000-5000 W/m.K), mechanical flexibility, highly chemical stability 

and optical transparency (~97.7%), which make graphene a potential material for a 

series of applications.
31,32

 Especially, the reported electron mobility of graphene 

attains 10
6
 cm

2
/Vs, which is around 1000 times higher than silicon.

10
 Due to the 

massless Dirac Fermions of graphene’s electronic band structure (Figure 1.1b), the 

electrons can transport a long distance in graphene without scattering, resulting in the 

ultrahigh electron mobility at room temperature.
9
 Higher mobility means higher 

operation speed, enabling development of electronic devices with superior 

performance. However, the nearly zero band gap makes graphene a semimetal 

behavior materials.
9,31,32

 Therefore, pristine graphene can be utilized in analog 

electronics, which does not need switching signals. The logic device, which requires 

an off state, can only be developed based on the new 2DLMs beyond graphene. This 

issue motivates the investigators to explore he graphene-analogous 2D materials, 

especially semiconductors. 
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1.1.2 Graphene analogous 2D materials 

1.1.2.1 Transition metal dichalcogenides  

The outstanding electrical, optical and physical properties of graphene have 

inspired researchers to explore the other 2DLMs with versatile properties, especially 

the 2D semiconductors, such as the transition metal dichalcogenides (TMDs).
27,33,34

 

Currently, these novel graphene analogous 2D materials become more and more 

attractive for researchers, as evidenced by the record of publications related to these 

materials (Figure 1.2).
35

 

 

Figure 1.2 Publication records for 2D layered materials beyond graphene.
35
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The TMDs stands for a large family of 2DLMs with the formula of MX2, where M 

represents a transition metal element (Ti, Mo, W, et al.), X represents an element from 

sulfur group (S, Se or Te).
27

 The stacking of X-M-X tri-layers by weak vdW forces 

forms the layered structure of the TMDs. Each layer is constructed by either 

octahedron or prism configuration of atoms. It is worth noting that different 

combinations of M and X result in distinct electronic properties, covering from the 

metal (NbS2),
20

 semimetal (WTe2),
36

 semiconductors (MoS2, WS2)
16

 to insulator 

(HfS2).
37

 In addition, the unsaturated d-orbitals from the transition metals could 

influence the energy band structure of TMDs, realizing a series of unique properties, 

such as magnetism, superconductivity, and charge density waves.
38,39

   

One of the most famous materials from TMDs family is MoS2, with potential to 

complement graphene in 2D limit. MoS2 has a layered structure similar to graphene, 

with each layer about 0.65 nm thick, which is small than the length of screening, 

allowing the electrostatic control on its conductivity.
16

 In general, the crystal structure 

of layered MoS2 is either hexagonal (2H) or octahedral (1T) induced by different 

arrangement of S atoms, appearing completely distinct electronic characteristics.
40,41

 

The 2H is the more stable phase with semiconducting nature, while the 1T exhibits the 

metallicity. These phase transition between these two configurations can be carried out 

by gliding the S atoms. In addition, due to the quantum confinement effect, the band 

structure of monolayer MoS2 is quite different from that of its bulk.
33

 It is well known 

that bulk MoS2 has an indirect band gap with value of 1.29 eV. With decreasing of 
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the thickness, the band gap of few-layer MoS2 is gradually increasing, reaching 1.80 

eV for the monolayer nanosheet.
16,27,33

 While band structure at Г point are more 

influenced by the interlayer interactions, the direct band structure at K point are almost 

unchanged along with the decrease of the layer number. Therefore, due to the quantum 

confinement effect, the indirect-direct band gap crossover occurs at the monolayer due 

to the largely upper shift of the indirect band gap energy.
33

 This transition is unique 

among the 2D materials, plus the non-centrosymmetric lattice structure and promising 

semiconducting properties, making MoS2 attract more attention as a new host for the 

photonic and electronic applications.  

1.1.2.2 Two-dimensional black phosphorus 

In the early of 2014, black phosphorus (BP), the most stable phosphorus allotrope, 

was rediscovered as a new member of 2DLMs, attracting much research attention 

because of its intrinsic semiconducting nature.
15,42

 As shown in Figure 1.3a, BP owns 

a layered structure similar to graphite, with strong covalent in-plane bonds and weak 

vdWs interlayer interactions. According to previous study, bulk BP crystal has a 

direct band gap of 0.3 eV and has good electrical transport properties with carrier 

mobility of 1000 cm
2
V

-1
s

-1
.
15,43,44

 Each layer of BP has an puckered orthorhombic 

structure.
45–47

 The length of phosphorus bond along the zig-zag direction is around 

2.224 Å. According to recent research, the lattice structure of BP changes with the 

layer numbers.
48
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Figure 1.3 a) Schematic of atomic structure of phosphorene. b) Electronic band 

structure of phosphorene.
49

 

 

Monolayer BP, namely as phosphorene, has been considered as a highly potential 

material for modern nano-optoelectronic applications thanks to its high mobility, 

anisotropy optical and electrical properties and large tunable band gaps (Figure 

1.3b).
49

 In addition, the heterostructure of BP and other 2D layered materials may 

exhibit some unprecedented properties, which could find new applications in 

electronic and optoelectronic devices.
50,51
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Figure 1.4 a) Top-view atomic structure of InSe. b) Electronic band structure of InSe. 

1.1.2.3 IIIA metal chalcogenides 

    Recently, the group of IIIA-metal chalcogenides have received numerous 

interests because of their good electrical properties and large photoresponse 

performance. In general, based on different stoichiometric, IIIA-metal chalcogenides 

have two main subgroups, which are MX (e.g., InSe, GaS, GaSe et al.), and MaXb 

(e.g., In2Se3, Ga2Se3, Ga3Te4 et al.), respectively.
52

 Different from BP, IIIA-metal 

chalcogenides usually have a series of polymorphs or polytypes based on the crystal 

structure, which makes this material group covering a wide range of different 

properties. Such as the optical band gaps of this group ranges from 1.2 ~ 3.05 eV, 

which is one of the largest band gap window of 2D materials. 
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InSe is one of the typical members of IIIA-metal chalcogenides, which has 

attracted a lot of attention recently due to its unique anisotropic properties and good 

optoelectronic performance when it is reduced to few-layer thick.
17,53–55

 Similar to 

graphene, InSe crystal has a layered structure with vertically stacking of Se-In-In-Se 

layers as shown in Figure 1.4a.
56

 The bulk InSe has a direct optical band gap around 

1.26 eV (Figure 1.4b). When the thickness of the nanosheets is down to a few 

nanometers, the optical properties will be significantly tuned because of the quantum 

confinement effect.
56

 For monolayer InSe nanosheets, its band gap increases to 

around 2.1 eV. The large layer-dependent band gaps make it very versatile for 

different requirements from electronic and optoelectronic applications. Up to now, 

the exfoliated InSe nanosheets have found several different proof-of-the-concept 

devices, including photosensors, transistors and solar cells and shown promising 

performance.
17,57,58

 However, to best of our knowledge, high quality sample with 

large scale has not been obtained, which limits the practical application of this 

materials. 

1.1.3 Preparation of 2D materials 

Scalable synthesis methods for 2D materials are essential for development of 

real devices. Until now, the primary methods to obtain ultrathin 2D nanosheets 

include mechanical exfoliation,
10,15,16

 chemical method,
33

 solution based 

exfoliation,
59,60

 and chemical vapor deposition (CVD)
61,62

 and molecular beam 

epitaxy (MBE).
63

 Different techniques will result in 2D nanosheets with different 
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morphology, crystalline and size, which could satisfy requirements from both 

theoretical and experimental studies.   

1.1.3.1 Mechanical exfoliation 

As mentioned above, 2D materials are stacked of atomically thin layers by 

weak vdWs forces. Therefore, monolayer samples can be obtained by simply 

exfoliating from the bulk crystal with scotch tape.
10,15

 Initially, graphene was 

obtained by this mechanical methods from the highly oriented pyrolytic graphite 

(HOPG) crystal. Since then, mechanical exfoliation becomes the main method to 

realize high quality 2D materials with small scale, which are primarily used in 

fundamental physics studies and proof-of-the-concept devices.
35

 Another advantage 

of this method is that the samples are easily to be transferred to other substrates by 

dry transferring technique, which is free of contamination compared to the wet 

transfer method.
26

 However, as the exfoliated nanosheets have random position, 

small size and low controllability, they do not match up with the basic requirements 

of industrial devices. All in all, mechanical exfoliation is the fastest and most 

convenient way to realize single crystal 2D nansheets for scientific research.   

1.1.3.2 Chemical and liquid exfoliation 

To address the low yield of mechanical exfoliation, some other top-down 

techniques have been used to prepare large quantity of 2D nanosheets. One approach 

is to apply chemicals to separate 2D layers by inserting ions, which has already been 

used to produce large amount of ultrathin TMDs nanosheets.
64 

On the other hand, 
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researchers also use polar solution to exfoliate 2D materials by sonicating the target 

powders in the liquid and then centrifuging to separate the nanosheets. Up to now, a 

lot of 2D materials have been realized by the liquid technique, including graphene, 

h-BN, TMDs, BP et al..
59,60,65

 Both these two methods can produce large amount of 

2D nanosheets. However, the size of each nanosheet is relatively uncontrollable and 

small. The quality of the samples is also significantly influenced by the chemicals or 

solutions. 

1.1.3.3 Chemical vapor deposition 

Besides top-down approach, several bottom-up techniques have also been 

attempted to fabricate 2D layered materials, such as CVD, MBE and physical vapor 

deposition (PVD). Among them, CVD has become the most famous method to grow 

high quality large size 2D samples.
61,62 

In general, CVD process is to introduce the 

gas of chemical precursors passing through the pre-heated substrate, and then form 

the nanosheets by chemical reactions. About one decade ago, graphene was firstly 

realized by CVD on metal substrates by controlling the cooling rate.
61

 Compared 

with other techniques, graphene obtained by CVD exhibits good uniformity and 

continuity, high crystalline and promising conductivity. Apart from graphene, large 

area TMDs, h-BN et al. have also been realized by CVD.
62

 The main drawback of 

CVD is the harsh experimental conditions, including high growth temperature, 

relatively long reaction time and precise controlling on the gas flow. Moreover, some 

chemically unstable materials are also not suitable to be prepared by CVD.    
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1.1.3.4 Physical vapor deposition 

     Physical vapor deposition (PVD) is another bottom-up synthesis technique, 

which could fabricate large area films in physical ways.
63

 In general, PVD 

techniques apply physical energy to turn solid target into vapor phase, which could 

then form the thin film sample by condensing on the pre-heated substrate. The 

deposition process is usually conducted in a chamber with ultrahigh vacuum (UHV) 

or background gas. The base vacuum is around 1×10
-5 

Pa. The commonly used PVD 

techniques for thin film fabrications are sputtering and pulsed laser deposition (PLD). 

Compared with sputtering, PLD has been successful for growing epitaxial thin films, 

which enables to stoichiometric transfer of materials from target to the substrate. In 

this project, we utilize PLD for synthesis of large-scale 2D layered materials. The 

background of PLD grown 2D materials will be exhaustively introduced in next 

chapter. 

1.2 Significance of Research 

2D materials have been considered as one of the most attractive research areas in 

the field of materials science due to their remarkable mechanical, thermal and 

electronic properties. Up to now, a large number of 2D materials have been realized 

by various techniques. Currently, the portfolio of 2D layered materials contains 

superconductors, semi-metal, semiconductors and insulators. Recently, ferroelectric 

(e.g. In2Se3) and ferromagnetic (e.g. CrI3) have also been found. The ultrathin 

layered nanosheets with variable optical and electrical properties enable to develop 
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novel heterostructures with unique characteristics. The materials engineering of 2D 

materials, which have no dangling-bonds, provides new potential for designing high 

performance electronic devices.
66,67

  

Currently, one of the main challenges to integrate 2D materials into industrial 

technologies is the scalable fabrication. To provide uniform, large scale 2D 

nanosheets with fewer defects is essential for development of practical electronic 

devices. The most commonly used technique to fabricate wafer-scale 2D materials is 

CVD, which produce highly crystalline 2D layered nanosheets from the vapor phase 

precursors by chemical reactions.
68 

However, CVD also has several limitations, such 

as relatively harsh synthesis conditions, only suitable for highly stable materials, 

inferior quality compared with exfoliated samples et al.. More importantly, when 

preparing 2D heterostructures, chemically based fabrication methods may damage or 

bring contaminations to the interface.
67

 Therefore, it is meaningful to consider some 

physical techniques as an alternative, such as PLD. 

As we discussed above, ultrathin BP is very sensitive to water and oxygen in air, 

and shows high chemical reactivity. Until now, most of the BP samples are obtained 

by mechanical exfoliation and liquid based exfoliation, respectively, which have also 

been demonstrated in several proof-of-concept electronic and optoelectronic 

devices.
15

 To the best of our knowledge, large area mono- or few- layer BP have not 

been realized by any methods. Therefore, the deposition of 2D BP by PLD will have 

considerable impact and would be benefit for development of real devices. On the 
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other hand, 2D InSe, a typical member of layered IIIA metal chalcogenides, is also 

not suitable to be prepared by CVD due to its low stability. Currently, the available 

methods to fabricate few-layer InSe are mechanical or liquid exfoliation, which 

could only provide nanosheets with small size.
17

 Note that one of the most important 

characteristics of InSe is the outstanding photoresponse, it is intriguing to put efforts 

in preparing wafer-scale ultrathin InSe samples and developing optoelectronic 

devices based on them.  

1.3 Thesis overview 

The organization of the thesis chapters are listed as follows: 

Chapter 1:  Introduction. In this chapter, the unique structure and properties of 2D 

materials, especially graphene analogues materials (TMDs, BP, IIIA metal 

chalcogenides), are first introduced. Then the typical synthesis methods and 

proof-of-concept applications of 2D materials are illustrated briefly. Following that 

the significance of the research is described to clarify the importance and objectives of 

the work. At last, the framework of this thesis is presented as the guidance for reading. 

Chapter 2: Overview of layered 2D materials deposited by PLD. This chapter 

describes the structure, properties and device characterization of 2D materials 

produced by PLD. The first subsection illustrates the literature review of PLD grown 

graphene on metal substrates and insulating substrates, respectively. Then the 2D 

TMDs, mainly MoS2 and WS2, produced by PLD are introduced. Different synthesis 

strategy and device applications are presented. Following that, the deposition of h-BN 
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layers with high uniformity and promising dielectric property were introduced. The 

dependence of properties on the processing conditions is emphasized. Last, as a 

representative of IIIA metal chalcogenides, the growth techniques and structure 

optimization of PLD grown GaSe are described.   

Chapter 3: Experimental techniques. This chapter introduces the synthesis and 

characterization techniques for the wafer-scale 2D materials, which are employed in 

this research, including the growth and transfer methods of 2D nanosheets, the 

structural characterization techniques, the optical and electrical properties 

measurement system, and the equipment for optoelectronic devices measurements. 

Chapter 4: Synthesis of a-BP ultrathin films with high mobility. In this chapter, the 

synthesis strategy and electronic device characterization are demonstrated. Firstly, the 

structure and chemical composition of BP films are confirmed by TEM, EDX and 

Raman. The optimized processing conditions of a-BP are discussed. Then the optical 

and electrical transport properties of a-BP films are demonstrated. The performance of 

FETs based on ultrathin a-BP films is also described. Finally, the design and 

measurement of flexible electronic devices based on a-BP films are presented.  

Chapter 5: Photocarrier transport properties of a-BP films. The exciton transport 

properties and lifetime of PLD grown a-BP films are demonstrated. The photocarrier 

dynamics of different thick samples are also discussed. 

Chapter 6: Broadband phototransistors based on wafer-scale 2D InSe nanosheets. 

This chapter expounds the synthesis, structure characterization and device 



      THE HONG KONG POLYTECHNIC UNIVERSITY         Chapter 1  

YANG ZHIBIN  16 

demonstration of layered 2D InSe thin films. The first section describes the fabrication 

methods and crystalline phase confirmation of InSe films by various techniques. Then 

the layer-dependent optical and electrical properties are studied. At last, the 

characterization of InSe phototransistors is provided.     

Chapter 7: Conclusion and future prospect. In this chapter, the results of 

investigations in this thesis are summarized. The future work of wafer-scale 2D 

materials is also suggested.  
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 Overview of 2D materials Chapter 2  

deposited by pulsed laser deposition 

2.1 Introduction 

During past decades, PLD is widely used to fabricate complex oxide thin films 

and heterostructures since the successful synthesis of epitaxial YBa2Cu3O7 (YBCO) 

films.
69–72

 In the wake of the emerging of graphene, researchers start to consider 

employing PLD to deposit 2D layered materials in recent years. Comparing with 

other 2D synthesis techniques, PLD shows its own advantages and scope of 

application, such as stoichiometry transfer of target, low cost, the high fabrication 

rate, applicable to versatile materials et al.. Moreover, it is convenient to directly 

produce 2D heterostructures by PLD since multiple targets are allowed to be 

installed in the chamber at the same time. Table 2.1 exhibits the summary of 

fabrication conditions and quality of the products of different synthesis techniques 

for 2D materials.    

    In this chapter, we will introduce the details of preparation of different 2D 

layered materials by PLD, in the sequences of graphene, h-BN, TMDs, and GaSe, as 

well as the corresponding electrical or optical properties characterization and device 

demonstration. 
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Table 2.1 Comparison of techniques to realize 2D materials 

 Size Throughput 

Thickness 

homogeneity 

Fabrication 

rate 

Processing 

temperature 

Ref. 

Mechanical 

exfoliation 

1~10 

µm 

Low Low Fast RT 10,15,16 

Chemical 

exfoliation 

1~10 

µm 

High Moderate Moderate RT 64 

Liquid 

exfoliation 

1~10 

µm 

High Moderate Moderate RT 60,65 

CVD 

Over 

10 cm 

High Very high Low High 68 

PVD 

Over 

10 cm 

High High Moderate Moderate 63 

PLD 

Up to 

1 cm 

High High Fast Moderate 
73

 

2.2 Graphene produced by PLD 

2.2.1 Graphene grown on metal substrate 

     Few-layer graphene has been realized by PLD as long ago as 2005, which is 

even earlier than the first growth by CVD in 2009.
74 

However, the graphene films 
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obtained at this stage mainly exhibit nanocrystalline and relatively large thickness, 

which exceeds the 2D scope. The transition metals have been considered as promising 

substrates for growth of graphene due to their uniform surface and convenience for 

transferring to other functional substrates.
75

 Among the transition metals, 

polycrystalline Ni and Co sheets are widely used owing to the low cost, high carbon 

solubility and good conductivity, which is in favor of developing the electronic 

devices. At early period, few-layer graphene (less than 5 layers) has been grown on 

Si substrate capped with a 600 nm thick Ni layer by PLD.
76

 The origin of formation 

of graphene on the metal film is attributed to the interactions between the carbon atom 

and the thin metal layer. Based on the previous research, the speed of the cooling 

process after the synthesis is one of the critical factors affecting the quality of the 

graphene. As shown in Figure 2.1 a, the carbon atoms could penetrate inside the Ni 

layer when the plasma plume arrives the substrates. If the temperature of the film is 

reduced with a high cooling rate, the carbon atoms would separate out from the Ni 

layer because of the reduced solubility of carbon in Ni, leading to the formation of 

high quality graphene layers on Ni surface. While for the lower cooling rate, there will 

be less carbon species separated out of the Ni surface, which would increase the 

amount of the defects in the film. This mechanism is confirmed by the Raman spectra 

of PLD grown graphene films under different cooling rate as shown in Figure 2.1 b. 

The I(D)/I(G) ratios of cooling rate of 50 
o
C/min 100 

o
C/min are clearly smaller than 

that of 1 
o
C/min, indicating a lower concentration of defect or impurities in the fast 
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cooling films. On the other hand, the lack of second order D peak of sample cooled at 

100 
o
C/min means that the obtained film is highly-disordered. It is because the number 

of the precipitated carbon atoms is too large, which strongly limits the surface 

mobility for forming the crystalline structure.         

 

 

Figure 2.1 (a) Schematic of the formation process of graphene by PLD.
77

 (b) Raman 

spectra of graphene grown under different cooling rate. (c) Cross-sectional 

transmission electron microscopy image of bi-layer graphene. (d) Raman mapping of 

PLD grown graphene.
75

  

    Following the above research, few-layer graphene has also been grown on Ni 

substrate by a lower temperature. Also, the layer number of graphene can be 

precisely controlled by the thickness ratio of Ni to carbon.
78  

As shown in Figure 
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2.1C, bilayer graphene with well-defined layered structure can be observed from the 

cross-sectional transmission electron microscopy (TEM) results.  

Generally, a transfer process is required for device demonstration based on 

graphene grown on metal substrates. However, the process of transferring may 

damage the surface of film, which may introduce defects or impurities to the graphene. 

A new method is developed to address the problem by sputtering a Ni (300 nm) buffer 

layer on the SiO2 (300 nm)/Si substrate before growth of graphene.
79

 The graphene 

film can attach on the surface of SiO2 by etching off the Ni thin film. The high 

uniformity of the obtained graphene has been verified by the Raman mapping results 

(Figure 2.1 d). Similar method has also been used to grow graphene on n-doped Si 

substrate by PLD.
80

  

2.2.2 Graphene grown directly on insulating substrates 

The methods for direct growth of graphene on functional insulating substrates are 

desirable for developing graphene into electronic devices.
81–83 

Recently, with applying 

background argon gas, few-layer graphene has been directly deposited on silicon 

substrate by PLD.
81 

Few-layer graphene can be confirmed by Raman spectrum 

(Figure 2.2a), and layered structure of 10 layers can be observed by cross-sectional 

TEM (Figure 2.2 b). As a result, graphene can only be obtained under specific laser 

fluence. For relatively small laser fluence (<1.0 J/cm
2
), amorphous carbon film is 

formed by the small carbon clusters exfoliated from the highly oriented pyrolytic 

graphite (HOPG) target. With increasing of the laser fluence, graphene films are 
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emerged with layered structure. The equipped laser (532 nm) emits pulsed laser 

beams with photo energy smaller than the bonding energy of C-C, which means the 

bond of target hasn’t been broken. In this case, the mechanism of formation of 

graphene is explained by the photoelectronic excitation. As a further study, graphene 

films have also been grown by ultraviolet (UV) laser (248 nm) without using 

catalytic layers.
83

 As shown in Figure 2.2c, Formation of graphene films with high 

continuity and uniformity has been confirmed by both Raman spectra and SEM 

images. In addition, the electrical conductivity of graphene decreases with increasing 

of incident laser fluence, indicating low density of defects within the films (Figure 

2.2d). According to recent publications, we summarize the growth temperature, base 

pressure, laser energy, background gases, morphology and optical/electrical 

properties in Table 2.2. 

2.2.3 Applications of PLD grown graphene 

P-N junction has been considered as one of the basic building blocks in 

semiconductor industry, which consists of both p-type and n-type semiconductors. 

P-N junction is usually used as a diode, which could control the direction of currents. 

Recently, PLD grown graphene has been fabricated into p-n junctions.
84 

The 

graphene nanosheets are fabricated by PLD in the environment of argon (Ar) or 

nitrogen (N2), respectively. The conductive types of graphene films have been 

characterized by Seebeck measurements. As shown in Figure 2.3a, graphene 

obtained in Ar shows positive Seebeck coefficient, indicating the regular p-type 
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semiconductor feature. Nevertheless, graphene obtained in N2 shows the n-type 

nature, attributing to the doping of nitrogen during the synthesis process, which have 

been confirmed by the XRD and XPS results. Compared with non-doped p-type 

graphene, the n-type graphene exhibits larger electron conductivity due to the 

nitrogen doping. As shown in Figure 2.3b, the p-n junction formed by both 

non-doped and nitrogen doped graphene exhibits a well-defined non-linear rectifying 

characteristics, which is the typical behavior of diode. The results indicate that PLD 

grown graphene films show potential in semiconducting industry.   

 

Figure 2.2 (a) Raman spectra of HOPG and PLD grown graphene, respectively. (b) 

HRTEM images of PLD grown graphene.
81

 (c) Raman spectra of few-layer graphene 
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prepared by different substrate temperature. (d) Electrical resistivity of graphene 

grown by different laser energy as a function of temperature.
83

  

Table 2.2 Summary of PLD grown graphene on various substrates 

 

Growth 

temperature 

(oC) 

Base 

pressure 

(Pa) 

Laser 

energy 

Background 

gases 
Morphology 

Optical/ 

electrical 

properties 

Ref. 

Graphene/ 

Si <100> 

900 ~10-5 
7 

J/cm2 
None 

Nano-size 

graphene 

clusters 

- 65 

Graphene/ 

Ni (600 nm) 

/n-Si 

750 
6.65×10-

4 
50 mJ None 

< 5 layers 

graphene 
- 69 

Graphene/Cu 400 
1.33×10-

4 
- None 

Sharp 

folded 

graphene 

nano- 

structure 

Turn on 

voltage of 

field 

emission: 

Eon =1.4 

V/µm 

 

71 

Graphene/SiO2/Si 700 
1.33×10-

6 

6 

J/cm2 

20 mTorr 

Ar (5N) 

3~4 layers 

graphene 

with smooth 

surface 

Electrical 

conductivity 

at 300 K 

=52.63 S/cm 

76 

Graphene/SiNx/Si 700 - 
6.1 

J/cm2 

20 mTorr 

Ar or 20, 

100, 250, 

and 500 

mTorr N2 

In plane 

nano- 

structured 

graphene 

with defects 

Electrical 

conductivity 

at 300 K 

=70.02 S/cm 

84 

Graphene/ 

sapphire 

600 
1.33×10-

3 

1.2 

J/cm2 
None 

Three 

graphene 

layers 

obtained 

- 82 
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Figure 2.3 (a) Seebeck coefficients of PLD grown graphene as a function of 

temperature. (b) I-V characteristics of p-n junction based on graphene films.
84,85

  

Besides p-n junctions, the remarkable electrical properties of graphene films 

allow them to be used in sensing or field-emission (FE) devices.
84

 The Schottky 

diode constructed by PLD grown graphene and p-type silicon have been fabricated 

into photodetectors, which shows large photo-sensitivity up to 380 %. The value is 

much larger than those obtained from the mechanical exfoliated graphene nanosheets. 

In addition, the photodetectors show clear switching behavior and fast response 

speed upon illuminated by periodic light source. Overall, PLD grown graphene 

exhibits great potential in photosensing field. For the FE applications, graphene has 

been fabricated into sharp folded-like nanostructures on Cu substrates. The graphene 

nanostructure was then transferred onto functional substrates, like SiO2/Si. Thanks to 

the sharp folded edge providing a lot of emission sites, the PLD grown graphene 
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exhibits a large turn-on field of 1.4 V/µm, which makes the materials attractive in FE 

applications. 

2.3 Large scale h-BN prepared by PLD 

2.3.1 Synthesis of h-BN nanosheets by PLD 

As early as 20 years ago, h-BN films have been attempted to be realized by laser 

ablation. At beginning, the h-BN film was applied as a buffer layer to improve the 

quality of cubic boron nitride films.
86

 With assisted by bombardment of N2 ion beam, 

PLD grown h-BN film shows good stoichiometric transfer of the target. But, the 

details of the film structure have not been confirmed, such as whether the film has 

layered structure. Moreover, the thickness of the obtained h-BN film is over 100 nm, 

which is beyond the region of 2D materials. Therefore, the synthesis of wafer-scale 

ultrathin h-BN films still need further study. 
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Figure 2.4 (a) Raman spectrum of PLD grown h-BN film. (b) Up iamge: 

Cross-sectional TEM images of PLD grown h-BN films. Lower image: HRTEM 

image of h-BN nanosheet.
87

 (c) I-V characteristics of h-BN diodes. (d) XPS results 

of h-BN film. (e) The relationship between B-N ratio and pressure of background gas 

of h-BN films on different substrates.
88

 (f) Output characteristics obtained by 

conducting AFM. The inset image shows the average value of the low-biased 

tunneling curve. 

As 2D materials attract great attention in recent years, preparing high quality, 

large area 2D h-BN films becomes one of the research hotspots. By using high 

energy laser, h-BN films have been deposited on a series of substrates, including 

metal substrate (e.g. Mo), semiconducting substrate (e.g. silicon, AIN) and so on.
86–

89
 The crystalline structure of PLD grown BN films is determined by the substrate 

temperature. It has been found that with increasing of the processing temperature, the 

proportion of h-BN relative to c-BN will decrease.
90

 The optimized substrate 

temperature is around 450 
o
C, which could result in pure h-BN film without any 

c-BN concentration. The temperature is much lower than that of h-BN film obtained 

by CVD. Raman result confirms the obtained film is h-BN as shown in Figure 2.4a. 

As shown in Figure 2.4b, well-defined layered structure and high uniformity can be 

observed from the cross-sectional TEM image. Also, good crystalline with highly 

ordered honeycomb graphene-like structure can be observed in the high-resolution 

TEM image (HRTEM). The investigation found that substrate has less influence on 
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the surface morphology and crystal structure of PLD grown h-BN film. The main 

defects and impurities are induced by the energetic laser pulses, which generate a 

large number of ions, molecular and atom clusters striking the film surface. To 

address the problem, Sajjad group has found that the background gas of hydrogen 

(H2) could effectively decrease the contents of impurities in PLD grown h-BN 

films.
91

 The possible reason is that the particulates in the plasma will be weakened 

by the collision between H2 molecules and ions/atoms in the plasma, which would 

reduce the influence of energetic plasma on the surface of films. In addition, the H 

ions resulted from the collision will also etch off the oxidized impurities.   

 

 

Figure 2.5 (a) Raman spectra of h-BN and heterostructure of graphene/h-BN. (b) 

Id-Vg curve of transistors based on h-BN (5 nm) and SiO2(300 nm) /Si substrates, 

respectively.
92

 (c) Mobility as a function of carrier concentration of FETs based on 
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graphene. (d) Raman spectrum of PLD grown graphene. (e) Photo responsivity as a 

function of time. (f) Relative quantum efficiency as a function of wavelength.
93

  

 

The electrical properties of PLD grown h-BN film show strong dependence on 

the measurement direction as shown in Figure 2.4 c. When the measurement is 

conducted in the longitudinal direction, the electron conductivity of h-BN would 

increase along with decreasing of thickness. The ultrathin h-BN film even shows 

metal characteristics. On the other hand, the resistivity of h-BN films are almost 

independent of temperature (25~200 
o
C) along the vertical direction. At this stage, 

the quality of h-BN film is good enough with uniform surface, single crystal 

structure and less defects. However, the size of each h-BN nanosheets is still in the 

micron meter scale. To improve the performance of electronic devices based on 

wafer-scale graphene, the methods to obtain large area h-BN film is required to be 

explored.  

Recently, centimeter-scale polycrystalline h-BN films have been prepared by 

PLD on highly ordered pyrolytic graphite (HOPG) substrate.
94,95 

Instead of 

crystalline BN target, the fabrication process in this study uses an amorphous BN 

target as source material. The substrates temperature increases to around 700 
o
C. In 

this study, high purity N2 has been used as background gas, which could provide 

large amount of nitrogen ions. To accurately control the pressure of background gas, 

2D h-BN films could be realized by combining nitrogen and boron ions. As shown in 
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Figure 2.4 d, the X-ray photoelectron spectroscopy (XPS) results confirms the film is 

stoichiometric growth. Also, the atomic ratio calculated from the XPS is around 1:1 

(Figure 2.4e). The electrical properties of PLD grown h-BN has been measured by 

conductive atomic force microscopy (C-AFM). The centimeter-scale film shows 

homogeneous conductivity as shown in Figure 2.4f, which is benefit for 

development of nanoelectronic devices with good uniformity. Besides, PLD grown 

monolayer h-BN with a 40 nm silver cover has been proved to be isolated by 

dry-transfer methods, which is free of contaminations from the chemicals.
96

 This 

technique improves the quality of wafer-scale h-BN films and accelerate the progress 

to integrate h-BN samples into practical devices. 

2.3.2 Applications based on PLD grown h-BN 

H-BN films obtained by PLD have found a lot of proof-of-concept applications, 

such as transistors
97

 and photosensors.
92

 Because of excellent dielectric properties 

and vdWs layered structure, h-BN becomes one of the ideal substrates for 2D 

materials. Recently, the graphene/h-BN heterostructure has been fabricated based on 

PLD grown h-BN and CVD grown graphene, respectively (Figure 2.5a). As shown 

in Figure 2.5b, FET based on graphene/h-BN shows very high mobility, which is 

threefold higher than those of transistors based on bare graphene layer. By 

conducting repetitive experiments, both electron and hole mobility of graphene 

grown on h-BN substrate are overall much larger than those of graphene on SiO2/Si 

(Figure 2.5c). Also, the results is larger than FETs based on graphene/h-BN, which 
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both graphene and h-BN are prepared by CVD.
93

 According to Figure 2.5c, the 

carrier concentration of transistors based on graphene/h-BN is almost smaller than 

that based on graphene/SiO2/Si, indicating the charge inhomogeneity and doping 

from external sources of graphene films are weakened by the h-BN layer, which 

remove the charge impurities resulted from Coulomb scattering. 

Except for purpose of gate insulators, h-BN is also a promising candidate for UV 

detecting applications thanks to large band gap. Recently, photodetectors in UV 

region have been designed based on PLD grown h-BN films.
92

 High quality of h-BN 

film has been confirmed by SEM, Raman (Figure 2.5 d) and TEM. As shown in 

Figure 2.5 e, the performance of photodetector shows fast response speed with 

response time of 0.6 ms. Due to the large band gap, photodetectors based on PLD 

grown h-BN shows increasing efficiency with decreasing of detected wavelength 

(Figure 2.5 f). Therefore, h-BN film is promising for sensing applications in UV 

region. 

2.4 PLD grown 2D layered TMDs  

2.4.1 Synthesis of large-area MoS2 films 

As early as 1988, MoS2 thin films have already been attempted to be prepared by 

high energy pulsed laser.
98,99

 At first, stainless steel was chosen as substrate for 

deposition of MoS2. The obtained film exhibits stoichiometry growth with chemical 

formation of MoS2. However, the details of crystal structure and properties of the 
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films have not been studied. The thickness of the film was also very large, which is 

beyond the 2D limit. 

 

 

 

Figure 2.6 (a) Raman spectra of PLD grown MoS2 on different substrates. (b) 

Layered structure illustrated by cross-sectional TEM image. Inset shows the optical 

picture of the film. (c) XPS results of PLD grown MoS2. (d) Cross-sectional 

structure of MoS2/GaN. (e) Raman mapping of PLD grown MoS2 film. (f) PL 

spectrum of MoS2/sapphire.
100–104
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Table 2.3 Summary of deposition conditions and properties of TMDs nanosheets by 

PLD 
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In recent years, ultrathin MoS2 nanosheets attract significant attention since they 

exhibit outstanding semiconducting properties in 2D region. Large-area MoS2 films 

have already been prepared by laser ablation by several groups.
100–105 

Considering 

the influence of lattice mismatch, several substrates (e.g. Cu, Al, Ni, et al.) were 

chosen for deposition of MoS2 films.
105

 High purity (99.9 %) polycrystalline MoS2 

crystals were selected as target. As shown in Figure 2.6 a, Raman characteristic 

peaks of MoS2 can only be observed in samples grown on Ag substrates. The 

thickness of the films is around 2~3 layers as shown in Figure 2.6 b. As MoS2 

contains two types of element, the synthesis mechanism of MoS2 by PLD is more 

complicated than graphene. Especially the sulfur is easily to form compound 

impurities with other materials. As explained by XPS spectra in Figure 2.6c, a thin 

layer of Ag2S is emerged upon the plasma arriving at the Ag surface, which is a 

promising template for synthesis of MoS2 due to the minimal lattice mismatch. 

Compared with MoS2 prepared by CVD, PLD grown films on Ag substrate show 

comparable uniformity and crystalline quality.  

   Apart from the Ag substrate, 2D MoS2 has also been directly grown on some 

functional substrates by PLD.
100–103 

Recently, Serrao group have successfully 

deposited MoS2 on GaN, Al2O3 and SiC substrates by PLD.
103

 As sulfur contents are 

easily to lose during the heating process, the stoichiometry of target was optimized to 

MoS4. As shown in TEM image in Figure 2.6d, well-defined layered structure and 

high degree of crystallinity can be observed. As characterized by AFM and Raman 
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mapping, monolayer MoS2 has been realized on Al2O3 substrate (Figure 2.6e).
102 

As 

shown in Figure 2.6 f, direct band gap of 1.85 eV of PLD grown MoS2 have been 

confirmed by photoluminescence (PL) spectrum, which is consistent with the value 

of mechanical exfoliated MoS2 nanosheets. Very recently, another approach with 

target material constructing of MoS2 and S powders (1:1) was conducted to realize 

high quality 2D large-scale MoS2 films on several functional substrates (e.g. SiO2, 

HfO2, quartz and Al2O3) by laser ablation.
106

 By using high-resolution Rutherford 

backscattering (HRRBS) method, the chemical concentration of MoS2 is confirmed. 

Except the wafer-scale synthesis, the work also proves that the layer number of PLD 

grown MoS2 can be precisely controlled by the number of laser pulses.  

 

 

Figure 2.7 (a) Field emission intensity as a function of external field of PLD grown 

MoS2 on silicon substrate. The inset images shows the SEM and field emission 

picture, respectively.
107

 (b) Schematic of field emission measurement system. (c) 
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Optical picture of MoS2 on plastic kapton by PLD. (d) Wafer-scale MoS2 film grown 

on far ultraviolet quartz by PLD.
108

 (e) Q-switching behavior of saturable absorber 

based on MoS2. 

2.4.2 Applications based on MoS2 films prepared by PLD 

PLD grown MoS2 films have been demonstrated in several proof-of-concept 

device applications due to the wafer-scale, uniform and continue surface and less 

defects and impurities. For example, PLD grown MoS2 films have been used for FE 

and flexible photosensing applications.
107

 The field emission current density as a 

function of external applied bias is shown in Figure 2.7 a. The turn-on bias for field 

emission is around 2 V/µm, which is smaller than those reported exfoliated MoS2 on 

silicon substrates. The possible reason for smaller turn-on bias could be explained by 

the sharp protrusions of PLD grown MoS2 and better contacts between MoS2 and 

silicon. The measurement setup of FE is shown in Figure 2.7 b.
108

 In addition, the 

UV photodetectors based on PLD grown MoS2 on n/p doped silicon substrates have 

been demonstrated.
107

  The device was illuminated by UV light with wavelength of 

365 nm, resulting in large photocurrent. The rectifying characteristic was observable 

from the photodetectors of MoS2/p-Si. Also, flexible photodetectors based on 

MoS2/kapton substrates were also fabricated and shown good UV photoresponse as 

illustrated in Figure 2.7c.    

Considering the excellent non-linear optical properties of MoS2, wafer-scale 

MoS2 films have been deposited on UV quartz substrates for demonstration of 
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saturable absorber (SA).
101

 In general, semiconductors with small band gap are 

suitable for developing broadband SA, which limits 2D MoS2 to be used in this 

application. To solve the problem, energetic pulsed laser was precisely controlled to 

fabricated S defects containing MoS2 films.
101

 According the theoretical simulation, 

the band gap of 2D MoS2 will decrease to 0.08 eV when increasing the amount of S 

defects. As shown in Figure 2.7 d, MoS2 on UV quartz glass shows relatively large 

area. According to Figure 2.7 e, the saturation intensity of MoS2 SA is around 2.45 

GW/cm
2
, which is much larger than those of graphene based SA.

109,110 
Based on the 

results, MoS2 SA was integrated into Q-switching lasers with different emitting 

wavelength. Stable output can be observed when the laser is activated and the extra 

heat has not damaged the PLD grown MoS2 films, revealing that the MoS2 thin films 

would be a promising candidates for developing high performance Q-switching laser.  

 

Figure 2.8 (a) Raman spectra of WS2 films prepared by PLD on different 
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substrates.
111

 (b) Cross-sectional TEM image of WS2/Ag. (c) PL spectra of PLD 

grown WS2 nanosheets. (d) Hall mobility of WS2 films. (e) Performance 

characterization of phototransistors based on WS2 thin films. The generated 

photocurrents and corresponding photoresponsivity of WS2 phototransistors as a 

function of gate bias. (f) The output power as a function of pump power of soliton 

pulse based on WS2 thin films prepared by PLD.
112

  

 

2.4.3 Large area WS2 films grown by PLD 

Apart from MoS2, some other TMDs such as WS2 has also been grown on 

different substrates by PLD.
111–113

 Similar as synthesis of MoS2 films, WS2 thin films 

was fabricated by using a thin film of Ag as buffer layer.
111

 The emerged Ag2S film 

could reduce the lattice mismatch between WS2 and silicon. The processing 

conditions are optimized to realize uniform films with large area and fewer defects. 

As shown in the Raman spectra of Figure 2.8a and TEM images of Figure 2.8b, WS2 

films with clear layered structure were confirmed. Both 2H and 1T phase of WS2 

nanosheets were obtained in PLD grown films. As characterized by PL spectroscopy 

(Figure 2.8c), the 1T phase was only appeared at the interface between film and 

substrates. Moreover, the hybrid structure of 2H and 1T WS2 behaves like 

heterostructures of semiconductor-metal with uniform interface, which is suitable for 

developing electronic devices. It has to be awarded that the Ag2S layer is hard to be 

removed due to the strong covalent bonds. Therefore, the performance of devices 
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based on this structure strongly depends on the quality of the Ag2S layer.  

To avoid the influence from the buffer layer, researchers have directly deposited 

WS2 layered films on SiO2/Si substrates by laser ablation.
114

 A background Ar gas 

with flowing rate of 50 Pa was employed for the growth. According to 

characterization results of XRD, Raman and AFM, PLD WS2 films show good 

crystalline and uniform surface. As shown in Figure 2.8 d, the electrical properties of 

the films were characterized by Hall effect measurement system, resulting in 

mobility of 31 cm
2
V

-1
s

-1
, which is superior to those of CVD produced samples.

115
 The 

optoelectronic properties of PLD WS2 films have been characterized by external 

light source with wavelength ranged from UV to NIR. The results presented 

broadband photoresponse and large photoresponsivity as high as 0.51 A/W (Figure 

2.8 e), which is much larger than that from devices based on CVD grown WS2.
116

  

 

Mono- and few- layer TMDs exhibit outstanding nonlinear optical properties due 

to the quantum confinement effect and shortage of interlayer coupling.
117

 Besides 

MoS2, large area WS2 films prepared by PLD have also been fabricated into SAs for 

development of femtosecond soliton fiber laser.
118 

Pumped by laser with wavelength 

of 1550 nm, the WS2 SA shows depth of modulation around 0.7 % and saturation 

intensity of 2*10
7
 W/cm

2
, respectively. In addition, the fiber laser based on PLD 

grown WS2 films exhibits output power up to 10.1 mW, which suggests good 

performance of WS2 based SA (Figure 2.8 g). In summary, the processing conditions, 
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quality and characterizations of TMDs films prepared by PLD are shown in Table 

2.3. Overall, PLD would be an alternative effective technique to grow high quality 

large-scale 2D TMDs other than CVD. 

 

2.5 Growth of layered GaSe nanosheets 

Gallium selenide (GaSe) is one of the typical members of IIIA metal 

chalcogenides, receiving a lot of attention recently due to its wide band gap, good 

electronic properties and unique nonlinear optical properties, which enable the 

materials suitable for a series of nano- electronic and optoelectronic 

applications.
119,120 

Very recently, the layer-dependent non-linear optical 

characteristics of few-layer GaSe nanosheets have been observed by our group. Until 

now, the main synthesis techniques of 2D GaSe include CVD,
121

 mechanical 

exfoliation
122

 and MBE.
123 

Compared with these methods, PLD could not only 

deposit wafer-scale thin films, but also control the layer number precisely. Recently, 

Majhour-Samni group successfully employed PLD to deposit few-layer GaSe thin 

films on SiO2/Si substrates.
73

 A background Ar gas with flowing rate of 1 Torr was 

exerted to improve the quality of the film by balancing the kinetic energy of plasma 

generated by pulsed laser, which could effectively reduce the amount of defects and 

large clusters. As shown in Figure 2.9 a, the HRTEM image of PLD grown GaSe 

film exhibits well-defined stacking of GaSe layers with single crystalline structure. 

In addition, uniform surface and layer number of PLD grown GaSe have been 
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confirmed by SEM and AFM, respectively (Figure 2.9 b). Clear traigular GaSe 

domain with in-plane size of 200 nm can be observed.  

In order to characterize the electrical properties of PLD grown GaSe, the films 

have been integrated into back-gated FETs. The P-type semiconducting feature is 

confirmed by the transport properties characterization. Also GaSe FETs show drain 

current on/off ratio as high as 10
4
, which is similar to that of FETs based on 

mechanical exfoliated GaSe nanosheets and is also large enough for logic electronic 

applications.
73

 On the other hand, the photoresponse of PLD grown GaSe films have 

also been measured by applying 240~700 nm laser beam as shown in Figure 2.9 c. 

The responsivity can be as high as 1.4 A/W, which is also much larger than those 

from CVD grown MoS2 and graphene films. The outstanding optoelectronic 

properties can be explained by extra midgap states, which were generated by the 

polycrystalline grains in the GaSe films prepared by PLD.   

As we mentioned above, the average size of GaSe nanosheets is around 200 nm, 

which is still not satisfy the requirement of industrial applications. A new approach 

by applying hybrid growth methods, which employs both vapor transport growth 

(VTG) and PLD techniques, have efficiently enlarged the size of layered GaSe 

nanosheets to micron-meter.
124

 Here, VTG could exert its advantage to optimize the 

stoichiometry and scale of GaSe films prepared by PLD. By attaching the 

GaSe/SiO2/Si on the top of second SiO2/Si wafer, a confined room for synthesis is 

formed. This hybrid structure was post annealed in Ar (10-20 Torr) environment, 
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which could induce a temperature gradient for further fabrication. The annealing 

temperature was accurately controlled to be able to just evaporate GaSe from the 

original substrate. As shown in the Raman spectra (Figure 2.9 d) and AFM results 

(Figure 2.9 e), single crystalline GaSe triangular nanosheets have been obtained with 

scale of around 50 µm, which is significant superior to the size of direct growth of 

GaSe film by PLD. With increasing the thickness of PLD grown GaSe film, the 

PLD-VTG method would produce larger continuous films by merging small 

nanosheets. Despite the scale, good crystalline of obtained GaSe films have also 

been confirmed by both SAEM and HRTEM results as shown in Figure 2.9 f. 
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Figure 2.9 (a) HRTEM image of PLD grown GaSe. (b) Raman spectra of different 

thick PLD grown GaSe films.
73

 (c) The relationship between responsivity and 

wavelengths of incident light. (d) Raman spectra of different thick GaSe nanosheets 

prepared by PLD-VTG method. (e) AFM image of single crystalline GaSe nanosheet. 

(f) HRTEM image of GaSe nanosheets prepared by PLD-VTG.  

 

 

2.6 Summary 

    The explosive studies on 2D materials have ignited great interests to survey novel 

electrical and optoelectronic properties of materials. For the purpose of integrating 

2D materials into real devices, wafer-scale samples with uniform surface would be a 

basic and essential requirement. As a pure physical bottom-up synthesis technique, 

PLD has become one of the significant alternative methods for realizing large-size 

2D materials other than CVD. According to the literature review, including graphene, 

h-BN, several TMDs and 2D IIIA metal chalcogenides have already been prepared 

by PLD and exhibit stoichiometry growth and attractive properties. Based on the 

synthesis conditions, such as laser frequency and energy, substrate temperature, base 

vacuum, the morphology, structure and thickness of the 2D nanosheets can be 

accurately controlled, which is one of the main advantages of PLD for growth of 2D 

materials. Also, PLD is a versatile technique, which can be even used for preparing 

some unstable materials. In this project, we have employed PLD for growth of BP 
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and InSe, whose 2D form are all not easy to be produced by CVD. The details will 

be introduced in the following chapters.    
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 Experimental Techniques  Chapter 3  

    This chapter will introduce the primary experimental techniques used in the whole 

work. 2D films were deposited by PLD. The crystal structure and surface morphology 

were characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), 

Raman spectroscopy, and transmission electron microscopy (TEM). The chemical 

composition is studied by X-ray photoelectron spectroscopy (XPS). The optical 

properties were measured by photoluminescence (PL) and Fouier transform infrared 

spectroscopy (FTIR). The electrical and optoelectronic properties were characterized 

by semiconductor analyzer equipped with probe station and external light source. 

3.1 Fabrication techniques for large-area 2D 

materials 

Since the discovery of laser, the pulsed laser was employed as an energy source for 

film deposition.
125

 Ever since successful growth of epitaxial high temperature 

superconductor thin films, PLD is widely used as an efficiency and reproductive 

technique for the preparation of multi-element oxide films and heterostructures.
71,72

 

Conceptually, PLD belongs to the family of PVD, which applies physical methods for 

the bottom-up growth. As shown in Figure 3.1, a typical PLD system includes three 

main parts: laser system, evacuating system and deposition chamber. The mechanism 

of PLD can be illustrated by the interaction between energetic laser pulses and the 
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target materials in an ultrahigh vacuum chamber. During the thin film fabrication 

process, energetic laser pulses will strike the surface of target material, which will 

generate a high energy plasma consisting of atoms, molecular and larger clusters. The 

substrate should be attached about 4~5 cm in front of target. When the plasma arrives 

the pre-heated substrates, the species will be re-crystalline into thin film form. 

Generally, the quality of PLD grown thin films is strongly determined by several 

important parameters, including laser energy, processing substrate temperature, base 

pressure of the chamber, background gas, working pressure and distance between 

substrate and target. The thickness of film can be precisely controlled by the 

deposition time and laser frequency. In our lab, the PLD system consists of a KrF 

pulsed excimer laser (λ=248 nm; pulse duration = 25 ns), a high vacuum chamber 

(>1×10
6
 Pa), heating system (<900 

o
C) and multiple switchable target holders. In 

order to introduce focused laser beam into chamber, the light path should carefully 

aligned.  

 

Figure 3.1 Schematic of PLD system. 
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3.2 Structural characterization 

3.2.1 X-ray diffraction (XRD) 

    XRD is a non-destructive analytical technique to study the crystal structure of 

materials. In principle, a monochromatic X-ray beam interacts with the target sample 

and is scattered by the atoms, producing constructive interference pattern when 

conditions in accordance with the Bragg’s law
126

: 

 

 

 

Figure 3.2 Schematics of the mechanism of XRD.
126

 

    Where λ is the wavelength of X-ray beam, d is the distance between the neighbor 

lattice planes, θ is the incident angle and n could be any integer. Bragg’s law could be 

used to describe the diffraction of X-rays by crystal lattices as illustrated by Figure 

3.2. The form of unit lattice of target material will determine the possible diffraction 

directions. The category of materials and array of atoms in the lattice structure of the 

materials will determine the diffraction intensities. By detecting and processing the 

diffracted X-rays, the d-spacings of each samples can be obtained, which could be 

2 sinhkln d 
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used to determine the crystal structure of the samples. In general, the identification 

process is conducted by comparing the d-spacings with the standard Powder 

Diffraction File (pdf) card. XRD is convenient for characterizing the crystal structure 

of unknown materials.   

  

3.2.2 Atomic force microscopy (AFM) 

AFM is designed to characterize the surface morphology by measuring the 

interactions between the sample surface and tip. As shown in Figure 3.3, AFM 

measurement system consists of cantilever spring with a silicon nitride (SiN) tip at 

the tail-end. The movement of tip is influenced by the attractive or repulsive forces 

from the sample surface, which was monitored by a laser beam and photodetector. 

By controlling the signal of photodetector unchanged, sample height will be 

modified according to the feedback. The height variation in vertical direction relative 

to the base line will be given.  

There are several operation modes of typical AFM. For the contact mode, the tip 

always contacts with the top surface of samples. While for the tapping mode, tip 

shows an oscillation behavior in the vertical direction. In the tapping mode, when the 

tip is close to the surface of sample, the interaction between them will decrease the 

resonance frequency of the tip. In this project, all AFM measurement on the surface 

morphology and thickness of 2D materials are conducted by tapping modes. 
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Figure 3.3 Illustration of mechanism of AFM. 

3.2.3 Transmission electron microscopy (TEM) 

TEM is a powerful tool for characterizing atomic scale structures. The 

mechanism of TEM is similar to commonly used optical microscopy, while TEM 

applies focused electron beam as detection source. In general, the thickness of 

samples should be thinned to below 50 nm, making it sufficient for tunneling of 

electron beam. Upon the electron beam hits the surface of sample, the beam will be 

diffracted and a diffraction pattern will be obtained, which reflect the atomic 

structure of the samples. The main function used for characterizing 2D materials by 

TEM include: 1. Low-dimensional TEM, aiming at picturing morphology of 2D 

nanosheets; 2. Cross-sectional TEM, aiming at confirming the layered structure of 
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some unknown 2D materials. 3. Selected area electron diffraction (SAED), used to 

characterize the crystalline quality. 4. High-resolution TEM, providing details of 

atomic structure of 2D materials. In this work, the model of TEM used is JEOL 

JEM-2001 TEM operated at 200 kV as shown in Figure 3.4. 

 

Figure 3.4 Diagram of mechanism of TEM. 

3.3 Optical properties measurements 

3.3.1 Raman spectroscopy 

Raman spectroscopy is a powerful tool to characterize the structure of 2D 

materials. In Raman system, a monochromatic laser beam is employed to illuminate 

the target material. The Raman spectra is produced based on the scattered beam, 

which shows a different frequency from the original laser beam. When the laser 
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interacts with the sample, most of the scattered light shows same frequency as the 

incident laser, resulting in the Rayleigh scattering as shown in Figure 3.5. Other than 

that, Raman scattering is formed by a small portion of radiation which have a 

different frequency from the incident laser. If the scattered frequency is lower than 

the frequency of original light, Stokes line will show in the Raman spectra. While the 

anti-Stokes line shows in the Raman spectra only if the scattered frequency high than 

the frequency of original light. 

 

 

Figure 3.5 Mechanism image of Rayleigh scattering, Stokes and anti-Stokes Raman 

scattering. 

 

    In general, Raman spectra is shown as the relationship between intensity of 

scattered light and wavenumber shift (cm
-1

). The range of Raman spectrum is usually 
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of 10 - 4000 cm
-1

. In this project, all samples are characterized by high resolution 

µ-Raman system (Horiba, HR 800), which equipped with laser source with 

wavelength of 488 nm.  

 

3.3.2 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is commonly used technique to 

characterize the optical band gaps of materials. The laser beam is focused onto the 

surface of target sample, which is then excited by the extra energy induced by the 

light. The extra energy is then transform to luminescence. If the materials is excited 

by light source, the luminescence is named as PL.  

The electrons in the materials are excited into permissible states. The extra 

energy will be released when the photocarriers return to the initial equilibrium states. 

Then there will be the radiative process if the light is emitting, otherwise a 

non-radiative process is happened. The PL intensity is related to the energy 

difference between the equibrium state and the excited state as shown in Figure 3.6. 

The contribution of the radiative process will determine the amount of the emitted 

light. 
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Figure 3.6 Mechanism of photoluminescence. 

3.4 Electrical and optoelectronic characterization 

    In this project, the electrical properties of 2D materials are all measured by 

demonstrating back-gated FETs. In general, FETs are fabricated by directly growing 

2D films on SiO2 (300 nm)/Si substrates, which Si is highly doped showing P-type 

semiconducting feature. SiO2 layer is used as dielectric insulating materials. 50 nm 

thick Au electrodes are fabricated by thermal evaporation. The electrode pattern is 

produced by adding a shadow mask. The scale of FET pattern is that the width of 

500 µm and length of 30 µm, respectively. To ensure the Ohmic contact between Au 

and 2D films, a post annealing process is conducted at around 200 
o
C in ultrahigh 

vacuum (~1 × 10 −6 Torr). The transport properties were measured by two-probe 

configuration with Keithley 4200-SCS Semi-conductor Parameter Analyzer. The 

equipment also includes optical microscope, lighting source, and micromanipulator 
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probe station. All the measurement is conducted in air at RT. To further characterize 

the optoelectronic properties of 2D layers, a phototransistor will be produced by 

adding external light sources with different wavelength. The measurements of 

phototransistors are conducted in the glovebox with N2 circumstance. 
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 Synthesis of a-BP ultrathin films Chapter 4  

and device characterization 

4.1 Introduction 

Among the three main allotropes of elemental phosphorus, bulk black phosphorus 

(BP) is well-known for the highest thermodynamically stability at room temperature 

in air.
49

 In the late 19
th

 century, BP was first synthesized under ultra-high pressure 

from the white phosphorus.
49

 In general, bulk BP has a layered structure similar to 

graphite, with strong in-plane covalent bonds and weak vdWs interactions between 

neighbor layers (Figure 4.1a). Due to the sp
3
 hybridization, each phosphorus atom is 

connected to three adjacent atoms, resulting in the formation of lone pair of electrons 

at each p orbital. The most stable crystalline structure of bulk BP is orthorhombic with 

space group Cmca (#64).
127

 Because of the sp
3
 hybridization, the structure of each BP 

layer exhibits a puckered honeycomb structure as shown in Figure 4.1b. Different 

from the semimetal feature of graphite, BP is a p-type semiconductor with a direct 

band gap of 0.3 eV, which makes it more suitable for transistor applications (Figure 

4.1c). Although BP was developed a long time ago, the research effort was much less 

contribute on it compared with other elemental semiconductors due to its extreme 

synthesis conditions. Recently, in the wake of rapid expanded of 2D layered materials, 

few-layer BP was successfully isolated from its bulk by stoch tape and attracts great 

attention because it is the first elemental 2D layered semiconductor.
15,42,88,128,129
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Monolayer BP, named as phosphorene, not only keeps the p-type semiconducting 

nature and high carrier mobility from its nature, but also exhibits some unexpected 

physical and chemical properties.
130–133 

The ultrathin BP has a tunable direct band gap, 

covering a range from 0.3 eV (infrared) for bulk to 2.0 eV (visible) for single layer, 

which is one of the largest optical windows observed so far in the 2D limit.
134,135

 In 

addition, relatively high switching ratio, in-plane anisotropy electronic property, 

intrinsic ambipolar feature and low thermal conductivity make phosphorene 

promising for developing novel electronic devices. 

 

 

Figure 4.1 Schematic of BP crystalline structure. (b) Top view of monolayer BP. (c) 

Theoretical band structure of monolayer BP.
130,131

   

 

Since BP has the vdWs layered structure with relatively small cohesive interlayer 

energy of -151 meV/atom, phosphorene can be obtained by either mechanical 

exfoliation or liquid exfoliation techniques.
136

 Both methods can produce high quality 

ultrathin phosphorene nanosheets, but with small lateral size. Due to the large surface 

to volume ratio and lone electron pairs of each phosphorus atom, phosphorene is 



      THE HONG KONG POLYTECHNIC UNIVERSITY         Chapter 4  

YANG ZHIBIN  57 

highly unstable in ambient, especially sensitive to water, light and oxygen.
137

 

Considering this issue, it is difficult to grow phosphorene by the chemical or gas based 

bottom-up method, such as CVD. Until now, the scale of obtained few-layer BP film is 

only around few micron meters, which does not satisfy the demand of fabricating 

practical devices. Here, we report an amorphous form of BP, namely a-BP films, with 

large in-plane size and soft growth conditions.
138

 A-BP films are deposited on 

graphene/Cu or SiO2/Si substrates by PLD, under the processing temperature of 150 

o
C, which is much lower than that of amorphous silicon (a-Si) film or amorphous 

carbon (a-C) film.
139

 The a-Si thin films have been widely used in manufacturing thin 

film transistors (TFTs).
140

 In the state-of-the-art electronics, amorphous 

semiconductor thin films are preferable for serving as the active layers compared with 

the polycrystalline films, because of the good uniformity and low growth temperature. 

The weak point of a-Si film is the low carrier mobility of around 1 cm
2
V

-1
s

-1
.
139

 As a 

comparison, transistors based on a-BP ultrathin films show high hole mobility (>14 

cm
2
V

-1
s

-1
) and moderate switching ratio (~10

2
), revealing its p-type semiconducting 

nature. The band gap and mobility are also tunable by the film thickness. In the sense 

of application, PLD grown a-BP film would be a desirable candidate for 

next-generation nanoelectronic devices, including transistors, energy generation, or 

sensors. 
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4.2 Experimental  

4.2.1 Deposition of 2D a-BP films 

In this work, ultrathin a-BP films were deposited on graphene/Cu or SiO2 (300 

nm)/Si substrates by PLD. Bulk BP crystals purchased from Smart-elements were 

used as target materials. During the growth, the distance between the target and 

substrates was kept at 4 cm. Before deposition, the base pressure of the chamber was 

evacuated to 1.5×10
-7

 Torr. When the growth was carried out, the vacuum was kept at 

6×10
-7

 Torr without any background gases. In order to obtain the BP phase, the 

substrate temperature was maintained at 150 
o
C, otherwise it will lead to different 

products. The synthesis process was started by striking the BP crystal with a KrF 

pulsed laser (λ = 248 nm). The repetition rate was 5 Hz, with the output energy of 315 

mJ/pulse. To improve the homogeneity of the film, both target and substrate holders 

were rotated during the growth. The thickness of the film can be precisely controlled 

by the number of laser pulses. The empirical growth speed is around 0.1~0.3 Å/pulse, 

which mainly depends on the substrate temperature, frequency and energy of laser 

pulses and crystalline of ceramic target et al.. After the deposition, the sample was 

cooled down naturally to RT in the high vacuum circumstance.   

The optical pictures of a-BP films grown under different conditions are shown in 

Figure 4.2a, exhibiting wafer-scale films but with different morphology and 

appearance. Therefore the substrate temperature has significant influence on the 

growth of BP film. Similar to synthesis process of graphene by PLD,
141

 the p-p bonds 
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of BP are fractured into a number of phosphorus atoms, molecules or ions by the 

energetic laser pulses, resulting in the formation of the BP films on the pre-heated 

substrates. In contrast to the crystalline BP (Figure 4.2b), the atomic structure of the 

obtained BP film is distorted in the bonding length and angle, and the lattice structure 

has short-range order as shown in Figure 4.2c. The detailed structure characterization 

of the PLD grown BP film will be introduced in the following sections.   

 

 

Figure 4.2 a) Optical pictures of PLD grown BP films on different substrates and 

processing temperatures (From left to right: a-BP/graphene/Cu; a-BP/SiO2/Si grown 

at 150 
o
C; a-BP/SiO2/Si grown at 250 

o
C; a-BP/SiO2/Si grown at 300 

o
C). b) 

Schematic of top-view atomic structure of bulk BP. c) Schematic of top-view atomic 

structure of a-BP film.  

a) 

b) c) 
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Figure 4.3 a) EDX result of a-BP/SiO2/Si. b) EDX result of a-BP/graphene/Cu. 

4.2.2 Crystalline characterization 

XRD and TEM were applied to analysis the crystalline structure of the as-grown 

BP films. From the energy-dispersive X-ray spectroscopy (EDX) results (Figure 4.3), 

the stoichiometric growth of pure phosphorus film on both SiO2/Si and graphene/Cu 

substrates can be confirmed. The minor EDX peaks of Si and O are induced by the 

substrates, while the Cu and C peaks are brought by the TEM copper grid capped with 

a thin amorphous carbon film. Therefore, the a-BP films are free of impurities from the 

phosphorus compound (e.g., P2O5). The comparison of crystal structure between bulk 

BP crystal and the PLD grown BP film is illustrated by the XRD results (Figure 4.4). 

The BP crystal shows a polycrystalline structure, which is used as the target material 

for deposition of BP film. The XRD pattern of BP film only shows the peak of silicon 

substrate, implying the structure of the film is highly disordered.   
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Figure 4.4 Comparison of XRD results of a-BP film on SiO2/Si substrate and bulk 

BP crystal. 

In order to direct view the crystalline of the BP film, we perform the TEM 

measurement. The sample for cross-sectional TEM characterization was prepared by 

using the focused ion beam (FIB) and lift-off.  Figure 4.5a shows the low-resolution 

TEM image of the cross-section of BP film. A uniform dense film can be observed. 

The layered structure of bulk BP is lost in the film. Meanwhile, the high-resolution 

TEM image (Figure 4.5b) presents the film morphology without observable 

long-range order, indicating the BP ultrathin film is amorphous. Moreover, the 

selected area electron diffraction (SAED) pattern (up-right corner of Figure 4.5b) 

exhibits a halo ring shape, further confirming the amorphous feather of the obtained 

BP film.  
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Figure 4.5 a) Cross-sectional TEM images of a-BP film grown on SiO2/Si substrate. 

b) High-resolution TEM image of a-BP film, combining the SAED pattern shown in 

the up-right corner inset, indicating the highly disordered structure of the as-grown 

film.  

     As BP nanosheets have shown layer-dependent optical and electrical properties, 

it is intriguing to investigate whether the a-BP films still hold the thickness tunable 

properties. During the deposition process, the thickness of a-BP films can be roughly 

estimated by the number of laser pulses. To precisely measure the thickness and 

morphology, AFM was employed to characterize the as-grown a-BP films. As shown 

in Figure 4.6, AFM results of different thick a-BP films (a: 2 nm; b: 8 nm; c: 15 nm; d: 

30 nm) are presented. The thinner film exhibits rougher than the thicker ones, mainly 

because of the higher proportion of the large particles. For the 15 nm and 30 nm thick 

a-BP nanosheets, the relatively smooth surfaces are shown with root-mean-square 

(RMS) values of 1.29 nm and 1.08 nm, respectively. High uniformity and continuity 

make the PLD grown a-BP films promising for electronic applications. Despite the 
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SiO2/Si substrates, we have also grown a-BP films on graphene/Cu, which exhibits 

an ultra-smooth surface to support the synthesis of samples. The structural 

characterization of a-BP film grown on graphene/Cu substrate is shown in Figure 4.7. 

The EDX, SAED and TEM results confirm the obtained sample has BP phase with 

highly disordered structure. Compared with films grown on SiO2/Si substrates, 

a-BP/graphene/Cu shows similar structure and morphology. In addition, the directly 

formed a-BP/graphene heterostructure could exhibit some novel characteristics, 

which will be studied in future.   

 

Figure 4.6 AFM images of different-thick a-BP films (a: 2nm; b: 8 nm; c: 15 nm; d: 

30 nm). 
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Figure 4.7 Structural characterization of a-BP film grown on graphene/Cu substrates. 

a) EDX spectrum of a-BP/graphene/Cu. b) Low-resolution TEM image of a-BP film. 

c) SAED image of a-BP film grown on graphene/Cu. d) High-resolution TEM image 

of a-BP film. 

4.2.3 Raman characterization 

The structure characterization can only determine that the obtained films are 

amorphous phosphorus, but could not decide the allotrope type. To test the exact phase, 

the vibrational modes of the PLD grown films were characterized by Raman 

spectroscopy. As shown in Figure 4.8, Raman spectrum of film grown on graphene/Cu 

substrate shows three BP featured Raman peaks, including 360 cm
-1

 (A
1

g), 440 cm
-1

 

(B2g) and 480 cm
-1

 (A
2

g). The slightly right shift of A
2

g and widened 

full-width-at-half-maximum (FWHM) can be observed, which could be resulted from 

the highly disordered atomic structure. To combine the results of Raman spectroscopy 
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and TEM, we can confirm that the obtained film possesses the feature of BP but with 

amorphous phase. Due to the distorted lattices and short-range order, the vibrational 

modes of the a-BP film is different from that of the crystalline BP nanosheets.   

The a-BP thin films have also been deposited on the functional substrates of SiO2 

(300 nm)/Si. Because of the unstable feature of BP, the substrate temperature is 

significant for the formation of BP phase. Figure 4.8 presents the Raman spectra of 

films grown on SiO2/Si under a range of processing temperature from 100 to 300 
o
C. It 

is noticeable that the Raman peaks are extremely weak for the temperature at 100 
o
C. 

According to our series study, there is no obvious Raman peaks for films grown under 

 

 

Figure 4.8 Comparison of Raman spectra of a-BP/graphene/Cu and bulk BP. 
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temperatures from room temperature to 100 
o
C, which reveals that the phosphorus 

film is hardly formed under such a low temperature. In consistent with the films grown 

on graphene, BP Raman peaks can be can be obtained at 150 
o
C. When the substrate 

temperature further increases from 200 to 250 
o
C, the Raman peaks are varied 

gradually and the spectrum of films grown at 250 
o
C exhibits characteristics peaks of 

red phosphorus (RP), which is 350 cm
-1

, 380 cm
-1

 and 440 cm
-1

.
141

 At last, only 

spectrum of the silicon substrate can be recognized for processing temperature above 

300 
o
C, which means that the temperature is too high for the deposition of phosphorus 

films. The results are consistent with the previous optical pictures in Figure 4.2a with 

bare SiO2/Si substrate appearance of sample D. Thus, the growth temperature window 

of a-BP film is very narrow which can only realize at around 150 
o
C. Furthermore, the 

vibrational modes of a-BP films with different thickness are characterized by 

measuring the thickness profile of Raman. As shown in Figure 4.10, the intensity of 

Raman peaks becomes larger and the FWHM of each peak is smaller when the 

thickness increases, which might be induced by the interlayer interactions. Similar 

trends have also been reported previously.
142,143
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Figure 4.9 Raman spectra of ultrathin BP films grown on SiO2/Si substrates at 

various temperatures. 

 

Figure 4.10 Raman spectra of different-thick a-BP films on SiO2/Si substrates. 
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4.2.4 Optical properties characterization 

Early studies have shown that the bulk BP crystal has a direct band gap of 0.3 

eV.
49,144

 The recent works have found that the mono- and few- layers BP samples have 

the layer dependent band gaps (0.3~2.0 eV) with higher band gaps for thinner 

nanosheets.
144,145

 Therefore, it is intriguing to explore whether this unique optical 

property is preserved for the a-BP ultrathin films. A PL spectroscopy system 

equipped with an excitation source of 980 nm diode laser was employed to 

characterize a-BP film with 2 nm thickness. Figure 4.11a shows the PL spectrum 

with emission located in NIR regime (0.77~0.84 eV). There is one emission peak at 

0.8 eV, which corresponds to the fundamental band gap of a-BP thin film.
15,146,147

 

The value is close to the band gap of crystalline BP of 5-layer.
50

 No PL peaks can be 

observed in the NIR region for the thicker films, whose band gap may be shift to 

lower energy similar to the crystalline BP. In this work, the optical properties of a-BP 

with large thickness has been studied by the Fourier transform infrared spectroscopy 

(FTIR). The absorption spectrum of 8 nm thick a-BP film was measured by the 

optical reflection mode. As shown in Figure 4.11b, the optical absorption decreases 

when energy of the incident light decreases. The band gap can be extracted from the 

absorption data by using the Tauc equation:  

αℎ𝑣 = 𝐵(ℎ𝑣 − 𝐸𝑇𝑎𝑢𝑐)2 

where α is the absorption coefficient, v is the wavenumber of incident light and B is a 

constant. It is observable that there is no clear cutoff edge in the absorption spectrum 
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(Figure 4.11b), which is one of the common characteristics for the amorphous 

materials. The blue and black dash lines exhibit the linear fitting of the absorption 

edge, resulting in the estimated band gaps in a range from 0.21 eV to 0.26 eV. The 

value is slightly distinct from that of the bulk crystalline BP (0.3 eV). This difference 

is reasonable because the band gap of amorphous semiconductor obtained by the Tauc 

plot is usually smaller than their crystalline counterpart.
139 

Considering the PL results, 

the band gap of a-BP films increases from 0.21~0.26 eV to 0.8 eV when the thickness 

decreases from 8 nm to 2 nm, which is consistent with the trend of crystalline BP 

nanosheets.
51,148,149

 The similar thickness dependent band gap was also found in other 

amorphous semiconductors, which could be explained by the quantum confinement 

effect.
150
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Figure 4.11 Optical properties characterization of a-BP/SiO2/Si. a. 

Photoluminescence of 2 nm thick a-BP thin films. b. Optical absorption spectrum of 

8 nm thick a-BP thin films measured by FTIR. 

4.3 Transport properties of a-BP FETs 

Since rediscovered in 2014, few-layer BP has drawn significant attention for 

material scientists because phosphorene is not only the sole single-element 

semiconductor in 2D regime at that time, but also has remarkable electrical 

properties, which provides new opportunities to fabricate novel nano-electronic 
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devices. However, owing to the extreme instability of phosphorene, the large-area 

fabrication of 2D BP has not been achieved till now, which becomes the main 

restriction for the practical application of this material. Here, we investigate the 

electrical transport properties of the wafer-scale a-BP ultrathin films. The schematic 

of a-BP based FET based on back gate configuration is shown in Figure 4.12a. The 

patterned electrodes with channel length of 100 µm were produced by thermal 

evaporator. Then, the structure and quality of the a-BP film was double checked to 

rule out the possibility of film degradation during the electrode fabrication. Figure 

4.12b shows the output characteristics of a-BP FET in air. The linearity of 

drain-source current (Ids) versus drain-source voltage (Vds) indicates the ohmic 

contact of the device, which is critical for the reliability and performance for the 

electronic devices. 

 

Figure 4.12 FET based on PLD grown a-BP ultrathin film and its output 

characteristic. a. Three-dimensional schematic illustration of a-BP FET structure. b. 

Id- Vds for 8 nm a-BP FET. 
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Figure 4.13 Transfer characteristic of the FET based on 2 nm thick a-BP thin films. 

The inset shows the photograph of electrode pattern used for the measurement.  

The transfer curve of FETs based on 2 nm thick a-BP thin films exhibits typical 

p-type semiconducting behavior with large gate modulation of Ids under negative Vg 

(Figure 4.13). As the Fermi level of the electrode (Au) is at the vicinity of valence 

band, p-type conductivity is preferred in BP transistor due to the smaller Schottky 

barrier for holes.
151,152

 The asymmetric current modulation can be explained by the 

model of band structure (Figure 4.14). The amorphous semiconductors have the local 

states of electrons, bringing the mid-gap traps (deep trap and shadow trap) and 

band-tail (conduction and valence band tails) states in the band diagram. The 

mid-gap traps could influence the current switching of the a-BP FETs.   
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Figure 4.14 The off- and on- state band diagram of a-BP FET. 

The threshold voltage (VT), which describes the minimum required differential 

Vg to produce an ON state, can be extracted by linear extrapolation of transfer curve. 

Here, VT of FET based on 2 nm thick a-BP film is -4.5 V. The field-effect mobility 

(µEF) is another critical parameter to determine the performance of FETs. It can be 

obtained from the Id-Vg curve by following the equation:     

𝜇𝐸𝐹 =
𝐿

𝑊𝐶𝑜𝑥𝑉𝐷𝑆

𝑑𝐼

𝑑𝑉
 

Where W and L are the length and width of the FET channel, respectively. Cox 

represents the capacitance of the gate insulator. 
𝑑𝐼

𝑑𝑉
 represents the slop of linear 

fitting of transfer curve. The obtained µEF and switching ratio are 14 cm
2
V

-1
s

-1
 and 

10
2
, respectively. The mobility of a-BP film is much higher than those found in other 

amorphous mono-elemental semiconductors, such as amorphous germanium (a-Ge), 

carbon (a-C) and a-Si.
153–155

 The detailed electrical properties of these materials as 
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well as a-BP are summarized in Table 4.1. It is noteworthy that the high mobility 

a-BP film is much thinner than the other amorphous semiconductors, which is 

suitable for 2D applications. The synthesis conditions of a-BP are softest among 

these materials as well. In addition, a-BP thin film exhibits p-type semiconducting 

nature, which is promising for developing energy-efficient nano-devices.  

 

Figure 4.15 Transfer characteristics of FETs based on a-BP ultrathin films with 

different thickness (a: 3nm, b: 5nm, c: 8 nm, d: 10 nm). The drain-source biases 

applied are a: 0.5 V, b: 0.1 V, c: 0.05 V, d: 0.06 V. 

The thickness profile of transport properties of a-BP FETs has also been studied. 

The mobility and switching ratio are calculated from the transfer curves shown in 

Figure 4.15. As illustrated in Figure 4.16a, the mobility increases from 14 to 100 

cm
2
V

-1
s

-1
 and the switching ratio decreases from 10

2
 to 2 gradually, when the 
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thickness of a-BP film increases from 2 to 10 nm. In general, the mobility and 

switching ratio of the device are all related to the band gap of the semiconductor. 

Previous studies of semiconductor devices have shown that the carrier mobility 

decreases when the band gap of the materials increases.
156

 Considering the thickness 

dependent band gap trend of a-BP films (Figure 4.11), it is understandable that 

thicker a-BP film shows higher mobility. Moreover, the transport property of thinner 

film could also be strongly influenced by the defects or impurities at the interface 

between film and the substrates. On the other hand, the thickness dependent on/off 

ratio can be explained by the band gap trend as well. Owing to the smaller band gap 

for the thicker film, the channel will still keep high conductivity even when the FET 

switches to off state, resulting in the high off current. Another possible reason for the 

low switching ratio is due to the screening effect of the bias field, which was also 

used to illustrate the mechanism of FETs based on crystalline BP nanosheets.   

The sheet resistance (Rs) and hole concentration (p) have also been calculated 

from the transport characteristics of different thick a-BP films. As shown in the 

Figure 4.16b, Rs shows a monotonically decreasing trend while p increases on the 

whole when the thickness raises from 2 nm to 10 nm. It should be noticed that the Rs 

of a-BP is much smaller than that of a-Si, indicating outstanding in-plane 

conductivity of PLD grown a-BP.  

One of the shortcomings of ultrathin BP nanosheets is the instability in ambient 

circumstance, which limits its applications for practical devices.
157,158

 According to 
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the early studies, few-layer BP is very sensitive to oxygen and water, which may be 

etched off in air or degrade to phosphorus oxide compounds.
157–159

 In this work, we 

found that the ultrathin a-BP films (<10 nm) have the same drawback. For the a-BP 

films are preserved in ambient for a relatively long time, the Raman characteristic 

peaks of BP will be vanished. In addition, the mobility of a-BP FETs are diminished 

due to the decreasing of conductivity of the channel. To maintain the quality of the 

films, an encapsulation layer could be used to prevent its degradation in air, which 

has already been proved effectively for protection of exfoliated BP nanosheets by 

several reports.
159–161

 

Table 4.1 Comparison of electrical properties of a-BP with conventional elemental 

amorphous materials  

 

Materials 

Field-effect 

mobility 

[cm
2
V

-1
s

-1
] 

On/Off 

ratio 

Carrier 

type 

Process 

temperature 

[
o
C] 

Refs. 

a-BP 10-100 10
0
-10

2
 P  ~150 this work 

a-Si 1 max 
 

10
8
 N ~250 125 

a-C 1-5 <5 P ~1100 126 

a-Ge 0.4 10
2
 N ~200 127 
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Figure 4.16 a. The FE mobility and switching ratio of the a-BP transistor as a 

function as the film thickness. b. Carrier concentration p and sheet resistance Rs as a 

function of the film thickness.  

4.4 Flexible transistors based on a-BP ultrathin 

films 

2D materials have attracted considerable research interest over the last few years 

because it exhibits unique mechanical behaviors with the capability to support a range 
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of important flexible electronic applications, which would be difficult to achieve using 

materials that exist today.
5,7

 The recent outburst of the display technology has made it 

even more appealing because the light emitting diodes (LEDs) and liquid crystal 

displays (LCDs) are driven by the flexible thin film transistors (TFTs).
162,163

 Although, 

the TFT industry is reasonably mature, it is nowhere close to the ultimate potential due 

to limited material choices. One of the most popular and widely used materials for 

TFTs is a-Si. Numerous organic and inorganic materials had also been extensively 

explored.
164

 However, search for the better materials is still on. The transport property 

is one of the decisive parameters for the performance of TFT. In the light of our 

previous results, a-BP films exhibit much higher carrier mobility in contrast to a-Si.
138

 

Plus the centimeter scale of the wafer, it is intriguing to demonstrate flexible electronic 

devices based on a-BP films. 

4.4.1 Preparation of flexible transistors based on a-BP films 

The flexible transistors were fabricated on polyethylene terephthalate (PET) 

substrates. Figure 4.17 (a) shows the schematic of working flows. Firstly, a thin layer 

of SiO2 (~50 nm) was sputtered on the top surface of commercial purchased PET 

substrates, which is covered with a layer of indium tin oxide (ITO) coating. The SiO2 

here will serves as the back-gate dielectric layer for the FET with gate oxide 

capacitance of 2.5 nF/cm
2
, while ITO layer not only acts as the global gate electrode, 

but also improve the planeness of the surface.  A shelter is applied to obligate the 

space for depositing gate electrode. Thanks to the low growth temperature of a-BP, we 
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can directly grow a-BP films on the polymer substrates by PLD. The deposition 

conditions is same as fabrication on Si-based substrates. The thickness can be 

precisely controlled by the number of laser pulses. The amorphous feature is 

confirmed by XRD and TEM. After removing the shelter, the patterned Au electrodes 

used as source, drain and gate contacts were grown on the surface of sample by 

thermal evaporator. Afterward, to prevent degradation of the film, a thin layer of 

PMMA was added on the surface of a-BP to separate from the air. Figure 4.17 b shows 

the optical image of the accomplished flexible transistor based on a-BP film with 

inherent flexibility and stability for ambient operation.  

 

Figure 4.17 a) The working flow of synthesis of a-BP flexible transistor. b) Optical 

image of a-BP flexible transistor. 
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Figure 4.18 a) Raman spectrum of 1.5 nm thick a-BP film grown on PET. b) PL 

spectrum of 1.5 thick a-BP film. 

4.4.2 Characterization of a-BP films grown on PET 

    The a-BP films grown on PET substrates were characterized by Raman 

spectroscopy. Figure 4.18 a shows the measured Raman spectrum for a-BP film with 

approximate 1.5 nm thickness. In the spectrum there are three main Raman peaks 

located at 360 cm
-1

, 440 cm
-1

 and 485 cm
-1

, which matches the Raman shifts of A
1

g, 

B2g, and A
2

g vibration modes observed in BP crystal. The B2g and A
2

g modes 
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correspond to the in-plane vibrational modes of phosphorus atoms, while the A
1

g 

mode illustrates the phonon mode out of the layer plane. This result implies that the 

films grown on PET remain the BP feature.   

We also study the a-BP film by PL spectroscopy, with photo-excited by a NIR 

laser (808 nm) and measuring the emitted photon energy. Figure 4.18 b shows the PL 

spectrum of a-BP film with 1.5 nm thickness. The observed PL peak located at 1327 

nm indicates that the a-BP film exhibits a large optical band gap of about 0.934 eV, 

which is slightly larger than the 2 nm thick a-BP film grown on Si substrates. The 

trend is consistent with our previous conclusion, which states thinner film with higher 

band gap. To combine the crystalline characterization and Raman, PL results, we can 

confirm that the obtained film is a-BP.   

4.4.3 Measurement of a-BP flexible FETs 

The transfer characteristics of the 1.5 nm thick a-BP flexible FET is shown in 

Figure 4.19. The p-type semiconducting feature is clearly observed from the large 

drain current modulation of negative gate bias. The field-effect mobility can be 

calculated from the transfer curve of 2.2 cm
2
V

-1
s

-1
, which is superior to that of a-Si 

flexible TET.
139

 The switching ratio of the device is only around 4, critical 

retrogression comparing with a-BP grown on Si substrates. The possible reason 

includes that the quality of SiO2 is relative poor, which cannot afford to tune the drain 

current, or the influences from the interface contacts between BP and SiO2. The 

performance will be optimized as a future work. We have also characterized flexible 
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transistors based on a-BP thin films with different thickness. From 1.5 nm to 10 nm 

thick, the mobility of a-BP FETs shows gradually increasing trend with rising of 

thickness (Figure 4.20). The variation trend is consistent with the a-BP FETs based on 

rigid substrate.  

 

Figure 4.19 The transfer characteristic of flexible transistor based on 1.5 nm thick 

a-BP film. 

In addition to device performance, transistor robustness under applied strain is another 

criteria of central importance for flexible electronics. In this work, the robustness of 

flexible a-BP transistors with respect to both uniaxial strain loading and multicycle 

bending were evaluated for the first time. All the electrical characteristics were 

measured ex situ, which means that the measurement is conducted after released of the 

strain. The methods have been proved a straightforward and conventional method for 

evaluating the mechanical robustness of flexible devices. Here, PL spectroscopy and 
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transfer characteristics were evaluated under increasing tensile strain to investigate the 

performance robustness of flexible a-BP transistor. As shown in Figure 4.21 a, the PL 

peaks are almost unchanged with up to 2% strain, indicating the band gap of the a-BP 

film does not influenced by the strain. Similarly, the field-effect mobility remains 

relatively stable under tensile strain as shown in Figure 4.21 b, exhibiting wonderful 

robustness of transistor performance. Furthermore, the high stability of a-BP flexible 

transistors have also been confirmed by the repeated bending test. Our device results 

on a-BP films represent the state-of-the-art in electronic performance among 2D 

semiconductor flexible transistors. 

 

 

Figure 4.20 Thickness profile of mobility of FETs based on a-BP/PET. 
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Figure 4.21 a) Strain engineering of PL peaks of a-BP films. b) Field-effect mobility 

vs. uniaxial strain of a-BP films grown on PET substrate.  
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4.5 Summary 

In summary, a new member of 2D BP family, large area ultrathin a-BP films have 

been successfully synthesized by PLD. The processing temperature is only 150 
o
C, 

which is soft compared with the extreme fabrication conditions of the bulk BP crystal. 

The amorphous structure, BP nature and uniform surface of the film have been 

confirmed by various techniques, including XRD, TEM, Raman spectroscopy and 

AFM. A broad tunable band gaps ranged from 0.21~0.26 eV to 0.80 eV have been 

observed in different thick ultrathin a-BP films. Such a thickness dependent optical 

property makes a-BP film promising for applications of sensors or optoelectronics. 

The a-BP FETs have been demonstrated as the proof-of-concept devices. P-type 

semiconducting behavior with high hole mobility is obtained from the transport 

characteristics. The performance of FETs based on the ultrathin a-BP films is superior 

to those found in transitional elemental amorphous semiconductors (e.g., a-Si). In 

addition, the electronic properties, including mobility, on/off ratio and in-plane 

resistances of the devices strongly depend on the thickness of the channel layers. The 

flexible transistors based on a-BP film have also been designed and characterized, 

exhibiting good mobility and promising strain robustness. Considering the tunable 

band gaps and good electronic properties, plus the easy fabrication conditions and 

scalable synthesis, a-BP thin films could be a potential semiconductor for developing 
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novel logic nano-electronic devices and it builds the first step to achieve high quality 

large area crystalline BP. 
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 Photocarrier dynamics of a-BP Chapter 5  

films 

5.1 Introduction 

The electronic properties of amorphous semiconductors are quite distinct from 

their crystalline counterparts due to the fuzzy boundaries in the band states, which is 

induced by the lack of ordered structure.
166

 Combined with the low cost and mature 

manufacture techniques, a lot of amorphous materials have found practical 

applications of many fields, such as photovoltaic devices, thin-film transistors, and 

sensors. So far, the studies of amorphous semiconductors mainly focus on the 

relatively thick films (>50 nm). Recently, the emerging of 2D materials have 

attracted a lot of research interests due to their unique electronic and optoelectronic 

properties and potential applications.
167,168

 Since the quantum confinement effect and 

free of dielectric scattering of the Coulomb interactions are not sole for the 

crystalline materials, it is intriguing to study the characteristics of 2D amorphous 

semiconductors.
169,170

 

Referring to our previous study, a-BP ultrathin films (<10 nm) have shown 

thickness dependent band gaps in NIR regime, and superior electrical transport 

properties. In this work, we further study the photodynamics of large area a-BP films 

deposited at low temperature by PLD. High exciton diffusion coefficient and long 

exciton lifetime have been obtained from spatially and temporally resolved 
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pump-probe measurement results. The excitons of 2 nm thick a-BP films exhibit a 

diffustion coefficient of 5 cm
2
 s

−1
, which is about one hundred times larger than that 

of a-Si. Moreover, the lifetime of a-BP exciton is about 400 ps, resulting in a long 

diffusion length of about 450 nm. The attractive photocarrier properties of a-BP film 

provide new opportunities for applications of low-cost optoelectronic devices.
171,172

 

 

Figure 5.1 Differential reflection signal obtained from PLD grown ultrathin a-BP 

film. (a) Mechanism of photocarrier dynamics measurement system. (b,c) 

Differential reflection signal of PLD grown a-BP film with thickness of around 2nm 

under different pump fluence. (d) The relationship between peak signal value and 

pump fluence. (e) The relationship between time constants and pump fluence. 
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5.2 Differential reflection of a-BP ultrathin film 

     The photocarrier dynamics of a-BP films were investigated by the transient 

reflection measurements at room temperature. The measurements were carried out by 

a pump-probe system as shown in the schematic of Figure 5.1a. A Ti-sapphire laser 

was employed to produce the pump pulses (pulse duration = 100fs, photon energy = 

1.57 eV), which were used to excite the 2 nm thick a-BP films. An optical parametric 

oscillator was used to generate the probe pulses with photon energy of 0.8 eV, which is 

close to the band gap value of the 2 nm thick a-BP film according to our previous PL 

results. Thus the variation of the reflectance induced by the pump-injected 

photocarriers can be precisely measured.
173,174

 Both the probe and pump pulses are 

focused on the films by a microscope. The photocarrier dynamics of the samples can 

be measured by characterizing the differential reflection of the probe pulses over the 

delay time duration between the probe and pump. The definition of the differential 

reflection can be illustrated by the equation: 

∆R

𝑅0
= (𝑅 − 𝑅0)/𝑅0 

where R is the probe reflection in existence of the pump, while Ro is the probe 

reflection without the pump.
175,176

 The signals of differential reflection under different 

pump fluence are shown in Figure 5.1 b and c, respectively, which measures over 

different time ranges. The value of ∆R/Ro increases rapidly to the peak within less 

than 1 ps delay time, and then gradually decreases following the exponential trend. It 

is noticeable that the increasing part of the curve in Figure 5.1 b can be illustrated by 
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a model of integral of Gaussian function, which shows a full width of 0.45 ps. The 

value is slightly larger than the width of cross-correlation of the probe and pump, 

which is around 0.35 ps. This fast increasing trend can be explained by the 

thermalization process, which is induced by the initially injected non-equilibrium 

distributions of the carriers. The thermal distribution of the process is produced by 

the scattering of hole-hole and electron-electron pairs in the a-BP ultrathin film, 

which will increase the concentration of the carriers in the probing states, resulting in 

the exceptional increasing trend of the diffraction reflection signal in less than 1 

ps.
177,178

 Besides the thermalization process, the energy relaxation process induced by 

the carrier-phonon scattering also contributes to the variation of ∆R/Ro. Such process 

has also been observed from TMDs and graphene.
179,180

 The dielectric screening 

effect will be reduced and then boost the interactions between carriers and phonons.  

As the injected photocarrier density is proportional to the pump fluence, we can 

investigate the dependence of differential reflection on the photocarrier density by 

plotting the peak positions of ∆R/Ro curves as a function of the pump fluence as 

shown in Figure 5.1 d. The curve can be fitted by a standard model: 

∆𝑅

𝑅0
∝ 𝐹/(𝐹 + 𝐹𝑠𝑎𝑡) 

where Fsat is the saturation fluence, which is around 120 μJ cm
−2

 based on the previous 

report.
181

 As shown in Figure 5.1d, the ∆R/Ro peaks approximately increases linearly 

with the pump fluence, indicating the linear relationship between the signal and the 

photocarrier density as well. The curve is gradually saturated when the pump fluence 
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is higher than 50 μJ cm
−2

, which is consistent with the model. 

 

 

Figure 5.2 The spatial characterization of transport properties of BP excitons. (a) 

Differential reflection signal in spatial way. (b) Gaussian profiles as a function of 

pump position. (c) The relationship between square of Gaussian width and probe 

delay time. 

     

    On the other hand, the decreasing trend of the signal can be modelled by the 

exponential function of: 

∆𝑅/𝑅_0(𝑡)   =  𝐴_1  exp (−𝑡/𝑡_1 ) + 𝐴_2  exp (−𝑡/𝑡_2 ) + 𝐵 

where t1 and t2 are time constants. The curves are fitted by the least-square-fits as 

shown in Figure 5.1 b and c. The relationship between the time constant and the pump 
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fluence is shown in Figure 5.1 e. For the low fluence states (<50 μJ cm
−2

), both t1 and 

t2 are almost unchanged, indicating independent of the injected carrier density. The 

initial t1 is as fast as 3 ps, which could be induced by the formation of BP exciton. 

Owing to the enhancement of the interaction between holes and electrons in 2D a-BP 

films, the BP excitons will be stable due to the increasing of the binding energy. After 

the fast transient, the decay process is illustrated by the time constant of t2 with value 

of 400±20 ps, which corresponds to the lifetime of exciton. For the pump fluences 

above 50 μJ cm
−2

, the time constants show clear increasing trend due to the nonlinear 

dependence of the differential reflection on the photocarrier density as shown in 

Figure 5.1 d. Therefore, the photocarrier density does not relate to the differential 

reflection signal at that region.  

 

Figure 5.3 Differential reflection signal of different thick a-BP films prepared by 
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PLD. (a) Comparison of differential reflection signal between different thick a-BP 

films (2 nm, 5 nm, 10 nm). (b,c) Differential reflection of a-BP thin films with 5 nm 

and 10 nm thick by spatiotemporal characterization, respectively. (d) The 

relationship between square of Gaussian width and probe delay time for different 

thick a-BP thin films. 

5.3 Exciton transport properties of a-BP film 

The spatially resolved differential reflection measurments were carried out to study 

the transport characteristics of excitons in ultrathin a-BP films. The samples were 

focused by 1.57 eV pump pulse with a Gausian profile of 2.5 µm FWHM, which 

determined the spatial resolution of the measurements. As the sample is thinner than 

the injection depth of the pump pulses, the photocarriers are generated throughout the 

longitudinal direction and then diffuse within the lateral plane, resulting the 

two-dimensional diffusion direction of the BP excitons.  

     The influence of both time delay of probe to pump and the probe position on 

the differential reflection of a-BP films have been investigated. In this work, the 

probe position is considered as the length between the hubs of the probe and pump 

pulses. As shown in Figure 5.2 a, the diffusive transport behavior of excitons can be 

clearly observed from the spatial expansion of the Gaussian profile. Figure 5.2 b 

shows the spatial differential reflection signals under different probe delays, with 

each signal fitted by a Gaussian function so as to acquire the corresponding FWHM 

value. To accurately study the diffusion transport property of a-BP excitons, the 
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dependence of the squared width of the Gaussian fitting curves (w
2
) on the probe 

delays is extracted as shown in Figure 5.2 c. The width of the spatial Gaussian 

profile can be described with the equation: 

𝑤2 = 𝑤0
2 + 11.09𝐷𝑡 

where w0 is the width of the initial Gaussian profle, D is the diffusion coefficient of 

the excitons. By linear fitting the curve, the diffusion coefficient of exciton is 

obtained of 5.3±0.5 cm
2
 s

−1 
from the slope. The measurement has been repeated 

several times at different spots of the film and resulted in similar values. The diffusion 

coefficient of excitons of a-BP ultrathin film is much superior to many other 

amorphous semiconductors, such as a-Si, which exhibits the photocarrier diffusion 

coefficient as high as 0.01 cm
2
 s

−1
.
182,183

 The diffusion motion of the exciton is 

strongly influenced by the scattering. Therefore, the diffusion coefficient shows the 

interaction of the excitons with their circumstance. The mean free time of the exciton 

collisions can be calculated by the equation: 

𝜏 =
𝐷

𝑣2
 

where v is the thermal speed of photocarriers at room temperature, which is about 

10
5
 m s

−1
. The obtained mean free time is around 50 fs, corresponding to the mean free 

path of 5 nm, or the momentum relaxation rate of  s
−1

. In addition, since the 

obtained lifetime of exciton is around 400 ps, the diffusion length can be calculated by 

the equation: 

𝐿 = √𝐷𝜏 
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The obtained diffusion length of BP exciton is around 450 nm, which is close to that of 

few-layer MoS2 nanosheets.
184

   

     PLD grown a-BP thin films would be a potential candidate for high 

performance optoelectronic devices due to its outstanding transport properties of BP 

excitons. Therefore, to compare the transport properties of charge carriers and 

excitons of a-BP films will be attractive for fully investigation of its electronic 

properties. To describe the transport properties of BP excitons in a-BP film, we used 

the general form of Einstein’s relation,  

D =  μ𝑘𝐵𝑇 

where D is the diffusion constant of excitons, µ is the ratio of the terminal drift speed 

of the excitons to the applied electrical forces, kB is Boltzmann’s constant, T is the 

absolute temperature. Here, µ is used to evaluate the diffusion speed of BP excitons, 

which is around 1.25×10
17

. The large diffusion speed can be explained by the small 

scattering rate between excitons and piezoelectric phonons or impurities, which is 

thanks to the zero net charge of excitons. 

5.4 Exciton diffusion of a-BP ultrathin film 

     The exciton diffusion transport properties of relatively thick a-BP films were also 

measured under the same experiment setup. The differential reflection results of the 

a-BP thin films with thickness of 10 nm (blue spots), 5 nm (red spots) and 2 nm 

(black spots) are shown in Figure 5.3 a. The results show that the intensity of 
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diffraction reflection signal increases when the thickness of a-BP films is smaller, 

revealing the band gap of a-BP films exhibit similar trend. The result is consistent 

with the optical characterization of a-BP films (PL and optical absorption). For the 2 

nm thick a-BP film, the probe of 0.8 eV is used to match up the sample. It can be 

concluded that the transient absorption is smaller for higher energy state. On the 

other hand, the exciton lifetime of 5 nm and 10 nm thick a-BP films are close to that 

of 2 nm sample presented above, which means the lifetime of BP excitons in a-BP 

films is independent of their thickness.   

    At last, the diffusion coefficients of excitons in 5 nm and 10 nm a-BP films have 

been measured by spatially resolved measurement system as shown in Figure 5.3 b 

and c. The images were processed with Gaussian functions. According to Figure 5.3 

d, the square of Gaussian width from 2 nm, 5 nm and 10 nm a-BP films all show 

linear relationship to the probe delay time. Moreover, the slope of the linear fitting is 

increasing with decreasing of thickness. The diffusion coefficient of 5 nm a-BP film 

is obtained to be around 3.4± 0.4 cm
2
 s

−1
, which is close to that of 2nm a-BP film. 

Due to the small signal intensity of 10 nm thick sample, the diffusion coefficient 

cannot be measured.  

5.5 Summary 

The photo-carrier transport properties of wafer-scale PLD grown a-BP films have 

been characterized. The long exciton lifetime and high diffusion coefficient of BP 

excitons are obtained for a-BP films with different thickness by using both 
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temporally and spatially resolved diffraction reflection measurement systems. The 

diffusion coefficient of 2nm thick a-BP film is obtained around 5 cm
2
 s

−1
, which is 

much larger than that of a-Si. In addition, the lifetime of 2 nm thick a-BP film is 

around 400 ps and the diffusion length of BP exciton is around 450 nm. Moreover, 

the signal of diffraction reflection increases with decreasing of thickness, which is 

consistent with the trend obtained from the optical properties measurement. Our 

results confirm that the 2D a-BP films is suitable for development of high 

performance optoelectronic devices. 
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 Broadband phototransistors Chapter 6  

based on wafer-scale 2D InSe  

6.1 Introduction 

2D semiconductors, such as TMDs, BP et al., have shown great potential for 

nowadays electronic industry thanks to their good electrical properties, tunable band 

gaps, uniform surface and nano-scale.
191,197,198 

Recently, a new subgroup of 2D 

semiconductor, namely IIIA metal chalcogenides, which consist of IIIA metal (Ga 

and In) and chalcogenides (S, Se or Te) have drawn a lot of attention since they have 

shown good electronic properties, unique non-linear optical properties and 

remarkable photo response when their thickness is reduced to atomically thin.
52

 2D 

IIIA metal chalcogenides have already found a lot of applications, such as sensing 

devices, memory, THz generator et al..
54,199,200

  

Indium selenide (InSe) is one of the typical members of layered IIIA metal 

chalcogenides, which exhibits a wide tunable band gaps from 1.26 eV to 2.11 eV 

when the thickness decreases from bulk to monolayer.
17,53

 Such a broad band gaps 

from visible to infrared is close to that of 2D BP.
197 

Recently, 2D InSe nanosheets 

have drawn significant attention due to the observation of quantum Hall effect (QHE) 

in ultrathin layered InSe, which reveals outstanding electronic properties of this 

material.
17

 Ultrathin InSe nanosheets have shown outstanding photoresponse and 

ultra-smooth surface,
53,54

 and have been fabricated into flexible photosensing devices, 
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which exhibits large photoresponsivity and fast response speed.
54

 Up to now, 2D 

InSe can only be realized by either stoch tape
17,52–55,200

 or solution based 

exfoliation,
201

 which can only provide InSe nanosheets with scale up to micron 

meters. The thickness and distribution of the products are also hard to control. On the 

other hand, ultrathin InSe films is not suitable to be prepared by CVD due to the 

weak stability.
201

  

In our work, we have employed PLD equipped with UV pulsed laser for 

deposition of wafer-scale layered InSe films. The crystal and surface structure have 

been characterized by multiple techniques, confirming high quality of the films. The 

chemical concentration of InSe films has been measured by both EDX and XPS, 

respectively. The electrical properties and optoelectronic properties of InSe films 

have been characterized by demonstrating FETs and phototransistors, respectively. 

The electron mobility of monolayer InSe FET is around 10 cm
2
V

-1
s

-1
, which is much 

larger than that of FETs based on monolayer MoS2. Furthermore, broadband 

photoresponse and large photoresponsivity as high as 27 A/W of InSe based 

phototransistors have been obtained, implying potential for high performance 

optoelectronic devices in 2D limit.
54

 

6.2 Experiment 

6.2.1 Synthesis of 2D InSe nanosheets 

In this work, PLD is employed to grow layered InSe films on top of SiO2/Si 

substrates. The UV pulsed laser (λ = 248 nm; Laser energy = 320 mJ; laser 
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frequency = 10 Hz) is used to strike the polycrystalline InSe target. The base 

pressure is around 3×10
-5

 Pa before deposition. The processing temperature is kept at 

around 600 
o
C. As the deposition speed is almost unchanged during the fabrication 

process, the layer number of InSe films can be accurately controlled by the number 

of laser pulses.
204

 As Se is easy to lose due to the large clusters and high energy ions 

induced by the pulsed laser,
204

 a post annealing process is required to replenish the 

Se concentration of PLD grown InSe film. 

 

Figure 6.1 a) Schematics of InSe crystal structure. b) The schematic of InSe 

molecular with sp
3
 hybridization. 
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Figure 6.2 XRD results of textured InSe film prepared by PLD. 

6.2.2 Structural characterization 

The atomic structure of 2D materials are strongly influence their optical and 

electrical properties. Therefore, to fully characterize the crystal structure will be the 

first step for the newly deposited InSe films. As shown in Figure 6.1 a, the lattice 

structure of InSe consists of vdWs connected Se-In-In-Se layers. According to 

previous experiment results, the thickness of monolayer InSe is around 0.83 nm.
56

 

The molecular of InSe shows a sp
3
 hybridization structure as shown in Figure 6.1 b

58
 

There are one pair of lone electrons and three pairs of In-Se covalent bonds within 

each sp
3
. According to the Pauli Exclusive Principle, the fully occupied orbitals are 

not easy to form bonds with other ions or atoms, resulting in the inert surface of 2D 

InSe films. 
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Figure 6.3 EDX mapping results of InSe films. 

Different from BP or MoS2, InSe layered nanosheets have three distinct polytypes 

(β, γ, ε), which are determined by the stacking sequence of the primitive layers and 

atomic structures.
56,58,206

 Among these three polytypes, ε and β all show hexagonal 

structure with lattices parameters of (a = b = 4.05 Å, c = 16.93 Å). However, the 

symmetry of these two phases is different. On the other hand, the γ-InSe exhibits a 

rhombohedral lattice structure with parameters of (a = b = 4.05 Å, c = 25.32 Å). To 

distinguish these three different phases, we apply a series of techniques including 

XRD, Raman, TEM et al. to characterize the as-grown films. As shown in Figure 6.2, 

the XRD peaks of PLD grown InSe films are consistent with the standard database 

from PDF34-1431, which means the obtained films shows of β or ε phase.
56,206,207

 

The XRD results can fully exclude any possibilities of existing of γ phase or other 

impurities. Furthermore, the strong (00l) peaks of PLD grown films also confirm the  

highly textured growth of InSe films, which shows c-axis preferential growth. The 
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textured growth enables that the 2D layered InSe films could largely conserve the 

outstanding optical and electrical properties of their bulk crystal. 

 The PLD grown InSe films were further characterized wit TEM by transferring 

onto the copper measurement grid. As shown in Figure 6.3, the EDX mapping results 

shows that both indium and selenium elements are uniformly distributed on InSe 

film. By calculating from the mapping, the atomic concentration of PLD grown film 

is around In:Se ≈ 1.05:1, which confirms that the as-grown film is monochacogenide. 

As shown in Figure 6.4 a, the clear regular hexagonal InSe nanosheets can be 

observed, which is same as the morphology of mechanical exfoliated InSe. In the 

figure of cross-sectional TEM image, the layered structure is shown in Figure 6.4 b, 

which proves that the thickness of single layer PLD grown InSe is around 0.8 nm. 

Thanks to the feature of PLD, the fabrication speed of InSe can be accurately 

controlled around 0.26 nm/s when the laser frequency is setting at 10 Hz. To 

precisely characterize the details of crystal structure of PLD grown InSe films, the 

samples are scanned by HRTEM. As shown in Figure 6.5, ideal hexagonal structure 

is shown, implying good crystalline quality. By processing the HRTEM image, the 

lattice constant along (100) can be obtained to be around 0.4 nm. The angle between 

(010) and (100) directions is 120
o
, confirming the ideal hexagonal lattice structure of 

InSe films, which is also consistent with the conclusion of XRD measurement.
56

 In 

addition, the SAED pattern shown in Figure 6.5 b exhibits a typical sixfld symmetry, 

revealing locally single crystalline structure of PLD grown InSe films. The results 
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are consistent with the textured growth of InSe film. 

 

Figure 6.4 a) Low-resolution TEM of PLD grown InSe films. b) Cross-section TEM 

image of PLD grown InSe film with thickness of 3 nm. 

6.2.3 Raman characterization 

The sole crystal structure measurements, such as XRD and TEM, cannot tell 

whether the film is β or ε phase. Therefore, we apply resonance Raman spectroscopy 

to further characterize the vibration modes of InSe lattices. Based on the interaction 

between electron and phonon, the electronic structure of InSe films can be 

characterized by the resonance Raman spectrum with energy of indicent laser similar 
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to the electronic transition energy of InSe.
56,58

 In this work, we apply laser with 

wavelength of 488 nm to excite PLD grown InSe films, which shows energy 

transition energy of around 2.4 eV as shown in Figure 6.6.
208

 10 nm thick InSe film 

was characterized by resonance Raman spectroscopy, and showed characteristic 

peaks located at 114.7 cm
-
1, 176.5 cm

-1
, 202.3 cm

-1
, 212.5 cm

-1
 and 227.1 cm

-1
 as 

illustrated in Figure 6.7.
209

 Among these Raman peaks, A2″-LO and E′-LO can only 

be observed in either ε- or γ- InSe.
56 

Therefore, we combine the results of XRD and 

Raman, the resultant PLD grown InSe film is pure ε phase with texture development. 

 

Figure 6.5 a, b) HRTEM and SAED result of PLD grown InSe.   
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Figure 6.6 Mechanism of resonance Raman spectrum of InSe films. 

 

According to the nature of PLD, the obtained film has large area and the 

morphology and thickness can be accurately controlled by the processing 

parameters.
106,204,205

 The optical picture of PLD grown InSe film shows fully 

coverage on the centimeter scale substrates (Figure 6.8a). In addition, as shown in 

Figure 6.8b, the continuous film with high uniformity can be observed from the 

Raman mapping of PLD grown InSe nanosheets. Two bright spots in Raman 

mapping (A and B) are induced by the large clusters from the energetic plasma 

plume, which is one of the feature of PLD grown samples. To improve the quality of 

film surface, depositing with highly crystalline target or inserting a shadow mask 

will decrease the amount of large clusters.
204

 To further characterize the film 

uniformity, we use Raman spectroscopy to measure six different areas, which are 

randomly distributed over the PLD grown InSe film (Figure 6.8 c). The results show 

that all Raman peaks of these six spots show almost same intensity and position. The 
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results confirm that the PLD grown InSe film show high uniformity and 

homogeneous phase as large as centi-meter scale. The high continuity and 

homogeneous of film samples are necessary to integrate them into industrial 

applications.  

 

 

 

Figure 6.7 Raman spectrum of PLD grown InSe films. The up inset images presents 

the vibrational modes shown in Raman results 

 

 

6.2.4 Chemical binding states study 

    As there are a lot of allotropes and polytypes of InSe, such as β and γ phase 



      THE HONG KONG POLYTECHNIC UNIVERSITY         Chapter 7  

YANG ZHIBIN  108 

InSe, In2Se3,  In4Se3 et al, to exclude the coexistence of impurities with these 

materials is essential to characterize the quality of the films.
210

 In general, the 

chemical bonds within the thin film materials can be characterized by X-ray 

photoelectron spectroscopy (XPS), which could confirm whether the obtained film is 

stoichiometry growth of the target. The InSe film of few-layers was characterized by 

XPS, showing that both In 3d and Se 3d states fitting into double-peak appearance 

(Figure 6.9 a). Two strong peaks of 452.2 eV and 444.6 eV can be observed in the 

spectrum of In 3d as shown in Figure 6.9a. Compared with the XPS results of InSe 

nanosheets obtained by solution based exfoliation, these two peaks are 

corresponding to binding states of In 3d3/2 and In 3d5/2, respectively. The split 

separation of spin-orbit can also be calculated as 7.6 eV. In similar way, the XPS 

peaks of Se have been obtained at 56.1 eV and 54.2 eV, which correspond to orbitals 

of Se 3d3/2 and Se 3d5/2, respectively. The separation of spin-orbit is around 0.9 eV 

as shown in Figure 6.9b. Both In and Se elements match up with the previous 

published results of InSe nanosheets obtained by liquid-based exfoliation.
201

 In 

addition, the missing of Se-O bonds, which located at around 59 eV, could rule out 

the existence of impurities of Se oxide compounds. 
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. 

Figure 6.8 a) Optical pictures of InSe films grown on centi-meter scale Si substrates. 

Six spots from a to f are randomly picked. b) Raman mapping of PLD grown InSe 

film. c) Raman spectra of six spots shown in a).  

 

 

    To quatitative study the chemical concentration of PLD-InSe film by XPS, we 

apply the equation:
211

 

𝐶𝐼𝑛

𝐶𝑆𝑒
=  

𝐼𝐼𝑛𝐽𝐼𝑛

𝐹𝐼𝑛
/

𝐼𝑆𝑒𝐽𝑆𝑒

𝐹𝑆𝑒
 

where CIn/Se shows the emission intensity of both In and Se elements, IIn/Se is the 

chemical concentration of both In and Se elements, FIn/Se represents the relative 
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sensitivity factors of both In and Se, which can be obtained from the areas of XPS 

peaks of each elements, and JIn/Se shows X-ray beam flux used for both In and Se. 

Thus, to simplify the calculation, we adjust the Jse and JIn having same value. Then 

the atomic ratio of In and Se can be obtained from the quotient of peak areas of 

corresponding elements. The calculated ratio of In and Se is around 1.05, which is 

consistent with the EDX mapping conclusion. Therefore, we can conclude that the 

PLD grown InSe film have pure phase without any InxSey (x ≠ y) impurities. 

  

 

 

Figure 6.9 XPS spectra of PLD grown InSe films. (a). In 3d core level fitted into two 

peaks. (b). XPS spectrum of Se 3d fitted into two peaks. 
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Figure 6.10 Raman spectra of PLD grown InSe films with different thickness. 

 

 

6.3 Thickness-dependent optical properties 

As PLD has the feature to digitally produce thin film samples, the layer number of 

InSe films can be precisely controlled by counting the number of pulsed lasers. To 

characterize the influence of thickness on the properties of InSe films, we 

characterize the samples with different thickness by Raman spectroscopy. The 

Raman spectra shows the characteristics peaks are almost independent of the layer 

number (Figure 6.10). The results reveal that there are no strain in the PLD grown 

InSe films even though there are large lattice mismatch between the film and 

substrates.
212

 Similar experiment Raman results have also been published by other 

groups for the InSe and GaSe nanosheets.
56,213
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   The optical properties of InSe films prepared by PLD have been characterized by 

PL spectroscopy. As shown in Figure 6.11, the PL spectra exhibits clearly emission 

peaks of different thick InSe films, ranged from 1 nm to 20 nm at room temperature. 

It is observable that with increasing of the thickness, the PL characteristics peaks 

shows red shift to lower energy. The trend is consistent with the mechanical 

exfoliated InSe nanosheets.
57,213

 The optical band gaps of PLD grown InSe films can 

be obtained from the peak positions. The calculated band gap of InSe films shows a 

increasing trend from 1.26 eV (NIR) to 2.2 eV (visible), when the thickness of the 

samples decreases from bulk to monolayer (Figure 6.11b). To best of our knowledge, 

this tunable band gap range is the largest window among the wafer-scale 2D 

materials, and is close to that of the mechanical exfoliated BP nanosheets.
197

 

Furthermore, a large decreasing of PL intensity can be observed for the ultrathin 

samples, which could be attributed to the direct-to-in-direct band gap crossover of 

2D InSe nanosheets. The results matched up with the InSe nanosheets realized by 

mechanical exfoliation according to the previous reports.
57,212,213

 Such large and 

tunable band gap of PLD grown InSe films make it highly potential candidate for 

high performance optoelectronic devices. 
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Figure 6.11 a) PL spectra of PLD grown InSe nanosheets with different layer number. 

b) The calculated band gap and intensity of PL spectra as a function of film 

thickness. 
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6.4 Electronic properties of ultrathin InSe 

nanosheets 

     The electronic properties of PLD grown InSe films have been characterized by 

developing them into back-gated FETs. As shown in the inset of Figure 6.12, the 

pattern of FETs has width of 500 µm and length of 30 µm, respectively. The FETs 

have been measured based on the two-terminal setup in air at room temperature, 

which have been confirmed to effectively and fast measure the electronic properties 

of 2D materials. The contacts between the InSe film and Au electrodes have been 

improved by a post annealing process in a high vacuum environment with 

temperature of 200 
o
C. As shown in Figure 6.12, the I-V characteristics of InSe FETs 

shows clearly linear appearance, which reveals that there is Ohmic contact between 

InSe film and Au electrodes. The Ohmic contact is mainly attributed to the lower 

work function of InSe film compared with that of Au, and is an advantage for 

developing high performance integration circuits. Moreover, by tuning the back gate 

voltage from -20 V to 20V, the drain current Ids should a clearly increasing trend, 

which is a typical feature of n-type semiconducting channel. According to the 

transfer curve in Figure 6.13, the n-type semiconductor feature of InSe is also 

presented. With the drain-source bias Vds of 0.1 V, the Ids shows a relative large 

modulation of around 10
3
 at positive backgate voltage, indicating that the Fermi 

level of InSe film is near the conduction band tail, which promotes the injection of 

carriers (electrons). The on-off current ratio here is mainly limited by the low 
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breakdown field of dielectric insulator. By using high dielectrics for fabrication of 

InSe FETs will improve the performance of the devices. 

 

 

Figure 6.12 I-V characteristics of FETs based on PLD grown InSe films. The inset 

image is the SEM of FET pattern. 

 

    Based on the structure characterization results, we have confirmed that the 

obtained PLD grown InSe films have well-defined layered structure. Therefore, it is 

intriguing to study the relationship between the electronic properties of InSe FETs 

and the layer number. We have drawn the 3D mapping of drain current according to 

thickness and backgate bias as shown in Figure 6.13b. The picture clearly shows the 

Ids can be effectively modified by both the layer number and back gate voltage. 
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Figure 6.13 a) Transport properties of InSe FET. b) The 3D mapping of drain current 

as a function of thickness and backgate voltage. 

 

The large modulation around 10
2
 of Ids can be seen from the mapping image when 

the thickness decreases from 20 to 1 nm. Besides the current switching ratio, 

field-effect mobility (µFE) is another significant parameters reflecting the 

performance of the electronic devices. In general, µFE can be calculated from the 
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transfer curve. As shown in Figure 6.14, with increasing of thickness from 1 to 5 nm, 

the µFE increases significantly from around 10 cm
2
V

-1
s

-1 
to 50 cm

2
V

-1
s

-1
.  

 

Figure 6.14 a) Thickness dependence of the field-effect mobility calculated from the 

transfer curve. The inset shows the resistor network model of InSe FETs. b) 

Thickness dependence of the switching ratio. 

After that, the increasing rate of µFE is gradually slower. The mobility reaches 70 

cm
2
V

-1
s

-1
 when the thickness is around 20 nm. The largely increasing of µFE is 

mainly attributed to the lower contact resistance and less defects in the film with 
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larger thickness. To illustrate the mechanism of dependence of electronic properties 

on layer number, we use an analogical resistor model as shown in the Figure 6.14b. 

We can see that the underlying layers have larger influence from the gate bias. 

Therefore, the free electron in top layer will be reduced by the screening effect. For 

the thinner films, the insufficient gate effect on the substrate will induce smaller 

electron mobility. The model has also been used to explain the mechanism of FETs 

based on other 2D materials, such as BP, MoS2 and graphene.
197,214,215

 On the other 

hand, the switching ratio of  PLD grown InSe films decrease from 10
3
 to 10

2
 with 

decreasing of thickness from 3.5 nm to 1.5 nm. Meanwhile, the on-off ratio of InSe 

decreases significantly to 30 when the thickness reaches around 20 nm as shown in 

Figure 6.15 a. The ultrathin InSe nanosheets with thickness less than 3 nm have 

smaller switching ratio because of the large concentration of defects. For the thicker 

films around 20 nm, the lower on-off ratio can be explained by the gate screening 

effect, which have already been observed in a-BP FETs.
197,216

  

    As the stability of stoch exfoliated InSe nanosheets is relatively low in air, the 

stability of PLD grown InSe films have been characterized by comparing the 

electronic performance of as-grown InSe FETs and samples stored in air for one 

week. The transfer characteristic curve of FETs based on InSe film stored for one 

week still shows n-type semiconducting feature. However, the Ids decrease compared 

with the devices based on as-grown films, which could be attributed to the  
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degradation of the film. To address the problem, we deposit a thin layer of PMMA to 

protect the ultrathin InSe films, which have been used to package a-BP films.
205

  

 

 

Figure 6.15 Id-Vg for FETs based on samples stored for one week and as-grown InSe 

film. 

 

6.5 Phototransistor characterization of 2D InSe 

The optoelectronic properties of PLD grown InSe have been characterized by 

fabricating InSe based phototransistors as shown in the schematic in Figure 6.16a. 

The InSe transistors were illuminated by external laser beam with different 

wavelength and volatile intensity. As illustrated in Figure 6.16 b, the transfer curves 

of InSe phototransistors illuminated by 370 light source are shown. It is clear 
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observable that the Ids is larger for higher intensity of illumination across all backgate 

bias from -50 to 50 V, revealing strong photoresponse in UV region. When the InSe 

film is illunated by the light, which have higher energy than the band gap value of 

the film, the extra exciton will be produced due to the band-to-band transition.  

 

 

Figure 6.16 (a) The schematic of InSe phototransistors. (b) Transfer curves of the 

InSe based phototransistor illuminated by 370 nm light source. (c) The contour plot 

of the photocurrent as a function of gate voltage and incident light power. (d) The 

relationship between photoresponsivity/ photocurrent and incident power. 

 

The electron-hole would be broken by the drain source voltage, resulting in the 

photocarriers transporting to the source and drain electrodes. The photocurrent Iph 

will increase the drain-source current accordingly. Therefore, we can calculate the Iph 
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by the equation: Iph = Ilight – Idark. Furthermore, the contour mapping of Iph relative to 

intensity of incident light and backgate voltage has been constructed to study the 

photoresponse of InSe films as shown in Figure 6.16c. The mapping image exhibits 

that the photocurrent significantly increases 10
2
 times, revealing good 

photoresponsse of the InSe phototransistors. 

 

 

Figure 6.17 a) The relationship between responsivity/EQE and incident light 

wavelength, showing a broadband photoresponse of InSe based phototransistors. b) 
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The relationship between Ilight/Idark and Vg. 

 

In general, there are several primary parameters determining the performance of 

optoelectronic devices, including photo-responsivity (Rλ), response speed, detectivity, 

external quantum efficiency (EQE) et al.. Based on the definition, the Rλ can be 

calculated by equation: 

Rλ = Iph/ PS 

Where P is the power density of the incident excited light, S represents the area of 

illuminated space.
54,58,206

 As shown in Figure 6.16 d, the relationship between Rλ/Iph 

and intensity of incident laser beam is presented with the log-scale. With illuminated 

by 370 nm light source with relatively low power density of 12.07 μW/cm
2
, the Rλ of 

phototransistors based on PLD grown InSe films can reach as high as 27 A/W. The 

value is much larger than that of GaSe photodetectors measured in UV region, and  

is similar to that of photodetectors based on InSe flakes obtained by stoch tape.
54,217

 

Due to the traps in the film and interface between film and substrates, the Rλ shows a 

decreasing trend when the power of incident light increases.
218

 At the same time, Iph 

increases with increasing of incident light power. It is because that the higher power 

density will induce larger number of photocarriers. Another important parameter of 

optoelectronic device is EQE, which is used to evaluate the ability of generating free 

electrons of incident photons. 

   EQE can be calculated by the following equation: 
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𝐸𝑄𝐸 =
ℎ𝑐𝑅𝜆

𝑒𝜆
 

where h represents the Planck’s constant, c represents the speed of light (3*10
8
 m/s), 

and λ represents the wavelength of incident laser beam. The obtained EQE of 

phototransistors based on InSe, which illuminated by 370 nm light source, is around 

9000 % with 1 V backgate bias. The value is about 10
3
 higher than that of 

photodetectors based on graphene and 30 times higher than that of MoS2.
219,220

 The 

detectivity D is also one of the significant figure-of-merit to determine the 

performance of phototransistors, which could be calculated by the equation: 

D = R𝐴1/2/𝑁𝑑 

where R is the photoresponsivity of the InSe phototransistors, A represents the 

detection area, and Nd is the dark current noise, which describes the small current 

noise flowing through the photo-sensing devices. Here, Nd can be calculated by the 

equation: 

𝑁𝑑 = √2𝑒𝐼𝑑 

where e is the elementary charge, Id represents the dark current. For phototransistors 

based on 10 nm thick InSe film, Nd can be obtained around 2.53×10
-13

. Following 

the results, the detectivity can be calculated as 5.84×10
9
 Jones. The value is a little 

smaller than that of MoS2 based photodetectors, which can be explained by the large 

dark current noise induced by the defects within the film.  
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    Apart from 370 nm excitation, we also study the photoresponse of 

phototransistors based on PLD grown InSe film with different wavelength light 

beam. As shown in Figure 6.17 a, the relationship between photoresponsivity/EQE 

and the wavelength of incident light presents a clear decreasing trend. When the 

wavelength increases from UV (370 nm) to NIR (980 nm), the photoresponsivity 

decreases from 27 A/W to 0.1 A/W, while EQE of InSe phototransistors decreases 

significantly from 9000 % / 12.65 %. The results confirms that InSe based 

phototransistors have a broadband photoresponse from UV to NIR region. 

 

 

Figure 6.18 Mechanism of InSe phototransistors illustrated by band diagram. 

 

 

The quotient of Ilight and Idark as a function of backgate voltage is shown in Figure 

6.17 b, which is used to explore the mechanism of phototransistors based on InSe 

film. With illuminated by the light source with energy of 395 μW/cm
2
, Ilight/Idark 

shows a decreasing trend when the gate voltage increases. The results can be 

explained by the larger contribution of tunneling current on the Ids at higher gate bias. 
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 Thus, the main dominating factor is the photocurrent when the gate voltage is 

negative (Off state). The mechanism of phototransistors based on InSe film has also 

been illustrated by band diagram as shown in Figure 6.18. When the device is in 

equilibrium state, the Fermi levels of Au electrode and PLD grown InSe films are 

aligned, resulting in the Ohmic contact with small Schottky barriers. If the threshold 

voltage is larger than the gate bias, the Fermi level of InSe will be lowered, which 

will enhance the amount of energy barrier. Therefore, Ids is mainly controlled by the 

photocarriers except for the intrinsic free electrons when the external light irradiate 

the film samples. On the other hand, if the threshold voltage is smaller than the gate 

bias, the intrinsic free carriers can pass through the energy barrier since the Fermi 

level of InSe film is near to the C-band (Figure 6.18). At this situation, the tunneling 

current will help to constitute the Ids other than Iph. Furthermore, strong 

photoresponse is also exhibited due to the lower of Schottky barrier. 

     The response speed is also a critical parameter determining the performance of 

phototransistors. As shown in Figure 6.19 a, the drain current of InSe 

phototransistors as a function of time is shown upon illustrated by 370 nm laser 

beam. The power density of the light source is controlled at 12.07 μW/cm
2
. When 

the samples are illuminated by the periodical irradiation, the states of the InSe 

phototransistors switch between off and on regularly. To precisely measure the 

photoresponse of the device, a temporal response relative to one pulse of irradiation 

is shown in Figure 6.19 b. From the results, the rising response time is obtained 
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around 0.5 s, and the decay response time can be obtained around 1.7 s.  The 

relative large response time indicates the small response speed of InSe 

phototransistors, which could be attributed to the polycrystalline structure, large 

defect concentration in the wafer-scale illumination area and relatively low carrier 

mobility of the films. The demonstration of optoelectronic devices based on InSe fim 

shows that the samples have broadband and large photoresponse, making the PLD 

grown InSe films a potential materials for modern nano-optoelectronic devices. 

 

 

Figure 6.19 Temporal response of phototransistors based on PLD grown InSe films.  

(a) Id as a function of time when the device is illuminated by periodical light 

irradiation. (b) The relationship between Id and time for one pulse of illumination. 
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6.6 Summary 

In conclusion, wafer-scale layered InSe thin films have been successfully prepared 

by PLD. To the best of our knowledge, this is the first time to directly realize 

large-size InSe nanosheets. Through the crystalline characterization, the layered 

structure and crystal structure of the films have been confirmed. The phase of the 

obtained film is also proved to be ε polytype. In addition, high uniformity and good 

continuity of the PLD grown InSe film have been confirmed by Raman spectroscopy 

and Raman mapping, respectively. To clarity whether InxSey impurities exists, the 

chemical binding states of the PLD grown films are characterized by XPS, revealing 

monochalcogenides phase and clear surface. Thin films with different thickness are 

measured by PL and absorption spectra. Both optical measurements presents that the 

InSe films cover a broad optical band gaps from NIR (1.26 eV) to visible (2.2 eV) 

region depending on the thickness. To measure the electrical properties of InSe film, 

FETs based on PLD grown InSe films have been fabricated and characterized. The 

results exhibit large electron mobility of around 10 cm
2
V

-1
s

-1
 for monolayer samples.  

In addition, both field-effect mobility and switching ratio strongly depend on the 

thickness of the films. At the same time, few-layer InSe films show moderate 

stability in air through the FET characterization. The photoresponse of InSe films has 

been characterized by fabricating PLD grown films into phototransistors. The results 

present that the devices show large and tunable photoresponsivity from 0.1 A/W to 

27 A/W when the wavelength of the incident light decrease from 980 nm to 370 nm, 
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which covers from NIR to UV region. Large and broadband photoresponse of PLD 

grown InSe films are presented. This work provides plenteous evidence that PLD is a 

effective technique for fabrication of high quality wafer-scale samples. The 2D InSe 

films could be a potential candidate for developing high performance optoelectronic 

applications. 
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 Conclusion and Future Prospect Chapter 7  

7.1 Conclusion 

      The expanding family of 2D materials has exhibited luxuriant physical 

properties, providing an amazing platform for researching the fundamental physics 

and launching proof-of-concept devices for modern nanotechnology. The methods to 

realize large area ultrathin layers from their bulk materials play a significant role in the 

industrialization of 2D materials. In this thesis, the synthesis of wafer-scale 

amorphous BP and highly crystalline InSe films were presented systematically. The 

electrical and photodynamic properties of BP film are characterized as well as the 

electronic and optoelectronic devices demonstration based on InSe nanosheets.  The 

details of the thesis is summarized as below. 

      Firstly, we have directly grown wafer-scale a-BP thin films on various substrates 

by PLD. The films are fabricated in a high vacuum chamber (<5×10
-5

 Pa) as well as 

150 
o
C processing temperature, in contrast to the extreme synthesis conditions of BP 

bulk crystals. In accordance with the crystalline few-layer BP, a-BP thin films have 

shown similar trend of thickness dependence band gap, with band gap increasing from 

0.21~0.26 eV to 0.8 eV as the thickness decreasing from 8 nm to 2 nm. The electrical 

transport properties have been studied by fabricating FETs based on a-BP films. The 

results show that the interface of electrode/film achieves Ohmic hehavior with a small 

Schottky barrier, which will benefit for the performance of semiconductor devices. 
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The transfer curve of 2 nm thick a-BP film exhibits the P-type semiconducting feature 

with carrier mobility of 14 cm
2
V

-1
s

-1
, which is much larger than that of other 

amorphous elemental semiconductors with such a thin thickness. As a P-type 

semiconductor, a-BP film is also favorable for energy-efficient electronic and 

optoelectronic devices. The thickness dependent transistor performance is also 

demonstrated. With decreasing of the film thickness, the mobility gradually decreases 

as well, while the switching ratio synchronously becomes larger. The tunable 

electronic properties could be resulted from the thickness dependent band gaps of 

a-BP films. Other than transistors based on Si substrates, the wearable FETs have also 

been developed by directly growing a-BP films on flexible PET substrates, exhibiting 

large and tunable carrier mobility, which is about ten times to that of a-Si. The 

performance of the flexible device is free of influence from the bi-axial strain. This 

work develops a new 2D member of BP with large area, which could be a promising 

candidate for the modern nanoelectronics.  

Secondly, the photocarrier dynamics of ultrathin a-BP films grown on Si substrates 

have been investigated. By using the configuration of pump-probe, ultrafast 

thermalization of relaxation of hot excitons have been observed from the transient 

reflection characterization of ultrathin a-BP samples. The ultrafast exciton with 400 

ps lifetime is formed by the non-resonance excited electron-hole pairs. The 

annihilation of exciton-exciton, the phenomena dominating exciton density of TMDs, 

has not been observed, which is beneficial for applications involving high density of 
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photocarriers. The transport properties of excitons in a-BP films have been studied by 

the spatially resolved differential reflection measurements. The obtained diffusion 

coefficient of exciton is 5.3±0.5 cm
2
s

-1
, which is much superior to that of other 

amorphous semiconductors, such as a-Si (0.001~0.01 cm
2
s

-1
).  Based on the room 

temperature thermal speed, the diffusion length of BP exciton is calculated as 450 nm. 

The mobility of BP exciton is deduced of 200 cm
2
V

-1
s

-1
, which is about ten times 

larger than the field-effect mobility obtained from the characterization of FETs. The 

thickness profile of transport properties show that the diffusion coefficient increases 

with decreasing of the thickness, which results from the thickness-dependent band 

gaps of ultrathin a-BP. Our studies suggest that a-BP films have the potential for 

low-cost optoelectronic devices in 2D regime.  

  Thirdly, we have successfully synthesized high quality wafer-scale InSe 

nanosheets by PLD. The texture growth and layered structure are clearly identified by 

a series crystalline characterizations.  The stoichiometry (In: Se = 1:1) is confirmed 

by both EDX and XPS, respectively. By combining the TEM and Raman results, the 

polytype of obtained film is ε-InSe with good crystallinity and uniformity. In 

consistent with the mechanical exfoliated InSe flakes, the PLD-InSe films also exhibit 

layer-dependent optical properties. Extracted from the PL spectroscopy results, a wide 

band gap range from 2.20 eV (visible) to 1.26 eV (NIR) is obtained when the film 

thickness increases from single layer to multi-layer, revealing one of the largest tuning 

band gap range of 2D materials. Such a unique optical property suggests InSe films for 
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the applications of sensors or optoelectronic devices. The electrical properties of 

PLD-InSe have been studied by measuring the transport properties of InSe FETs. 

Large and tunable electron mobility (From 10 cm
2
V

-1
s

-1
 to 50 cm

2
V

-1
s

-1
) is obtained 

when the thickness increases from 1 nm to 20 nm. The performance of the FETs is 

superior to that of CVD grown MoS2. Furthermore, good stability of the device is also 

confirmed by studying the time profile of the transistor performance. The 

optoelectronic properties of phototransistors based on InSe films have been 

investigated, exhibiting broadband and large photoresponsivity from 0.1 to 27 A/W 

excited by the light sources with wavelength from NIR to UV. Interestingly, the 

maximum EQE can attain 9000 %, which is 10 orders higher than that of MoS2. In this 

work, the InSe films with wafer scale not only show high quality of crystalline and 

surface, but also preserve the outstanding electrical and opto-electrical properties of 

InSe crystals, which are promising for development of nano-optoelectronic 

applications.  

  In this thesis, we have provided several synthesis strategies for wafer-scale 2D 

materials as well as the properties characterization and device demonstration. Our 

work is significant for integrating 2D layered nanosheets into industrial devices and 

providing new avenues for studying fundamental physics of nano-systems.  

Following this work, there are still many interesting future works to carry out, which 

will be illustrated in the next subsection.  
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7.2 Future Prospect 

    Combination of materials with different functional properties may result in 

structures unprecedented feature, such as III-V heterostructures. With the 

development of 2D materials, creation of heterostructures will bring a large family of 

novel 2D systems with a variety of properties. In general, we combine distinct 2D 

layers in the way of vertical stacking, holding together by the vdW forces. Up to now, 

most of the 2D heterostructures are formed by the transfer process, which is slow and 

may contaminate the sample surface. As a future work, we may in situ fabricate 2D 

heterostructures in PLD chamber by simply switching the targets. Following our work, 

the a-BP thin films exhibits p-type semiconducting feature with tunable band gap and 

high mobility, which is very suitable to form P-N junctions with the n-type 2D 

semiconductors, such as MoS2, WS2, et al.. In addition, owing to the similar 

crystalline structure of InSe and GaSe, the combination of these two materials may 

result in heterostructure with outstanding optoelectronic property.  

     On the other hand, due to the highly disordered structure of a-BP film, the 

electronic property, especially the switching ratio, shrinks comparing with the 

crystalline BP nanosheets. Therefore, the crystallization of a-BP film is a significant 

future work for improving the quality of large area BP film. One possible way is to 

apply high pressure, which is similar to the synthesis of BP crystal. Moreover, the 

strain engineering and the interface contact engineering of InSe films should be 

investigated deeply. And the thermal, spintronic and ferroelectric properties of PLD 
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grown InSe are unexplored.   

   Currently, the family of 2D materials is expanding year by year. There are 

already thousands of 2D layered materials until now. Neverthless, the wafer-scale 

samples prepared by PLD are limited since the method was just starting to be used in 

this field. For those materials with low stability or high sensitivity to chemicals, such 

as silicene, CVD is not a suitable choice for preparing their large area samples. Or 

some 2D materials connected with strong interlayer bonding, such as MXenes, PLD 

would be an alternative methods to realize 2D films from the bottom-up way. 
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