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Abstract 

Due to its unique two-dimensional (2D) structure and fascinating properties, 

graphene has revealed potential applications in many aspects since it was first 

discovered by a micro-mechanical exfoliation method. Beyond graphene, a big 

family of 2D materials has been discovered subsequently. Their potential has been 

developed from basic electronic and optoelectronic devices to a wide range of 

applications. Among them, 2D GaSe, as a recently discovered 2D material, has 

received lifted attention and been studied extensively in the matter of fabrication 

techniques and potential applications. Therefore, it is important to investigate the 

fundamental properties of these 2D materials for further understanding and future 

applications of them. 

In this thesis, firstly, a non-volatile memory can be fabricated by integrating 

graphene with ferroelectric [Pb(Mg1/3Nb2/3)O3]-[PbTiO3] (PMN-PT) based on a field 

effect transistor (FET) structure. The fabricated FET exhibited p-type characteristics 

with a large memory window. By pre-poling the PMN-PT substrate, a reduction in 

p-doping of the FET can be achieved. On the other hand, it should be noted the fact 

that ferroelectric materials are capable of producing controllable biaxial strain due to 

the piezoelectric effects. Such tunable strain can result in a blue shift in 2D band of 

graphene. And more interesting, a continuous 2D band shift can be detected during 
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the retention of a bias voltage. Secondly, graphene/Si Schottky junction solar cells 

have drawn much attention and been investigated extensively due to their potential 

applications. In comparison with Si, GaAs has the merits of high electron mobility and 

direct band gap. Herein, n-type GaAs has been integrated with graphene sheets to 

fabricate Schottky junction solar cells. The Schottky junction shows photovoltaic 

behaviors with a power conversion efficiency of 1.95 %. Thirdly, nonlinear optics in 

GaSe bulk crystals has been studied for decades, such property in its 2D counterpart 

is unknown and of much significance. We report a strong layer- and power-dependent 

second harmonic generation (SHG) at few-layer GaSe sheets. Two-photon excited 

fluorescence has also been observed in GaSe nanosheets. Our free energy calculations 

on GaSe bulk and layers based on first-principles methods support the observed 

nonlinear optical phenomena in the atomically thin layers. 

In conclutions, the electronic and optoelectric characteristics of graphene have 

been investigated by integrating graphene with functional materials of ferroelectric 

and semeconductor, followed by a study of the nonlinear optical properties of 2D 

GaSe flakes. These fundamental studies will aid further research of 2D materials and 

show promise for their future applications in nanoelectronics and nanophotonics. 
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Chapter 1   Introduction 

1.1 Background 

Two-dimensional (2D) material is a thin sheet in which one dimension is 

restricted in size. 2D materials are expected to possess unique physical, chemical, 

optical and mechanical properties due to the special structure with high surface-bulk 

ratio. Consequently, 2D materials are attractive from both scientific and technological 

viewpoints by considering their exceptional structure and fascinating properties. 

Graphene is a single carbon layer that consists of hexagonally arranged, 

sp
2
-hybridized carbon atoms with a honeycomb lattice structure. Graphene was 

discovered via a mechanically exfoliated method by A. K. Geim et al at Manchester 

University in 2004.
1
 Graphene is not an integral part of a carbon material, but is freely 

suspended or dispersed in some organic solutions, or adhered on a flat substrate which 

provide mechanical support to graphene.
2
 There are two interpenetrating carbon 

atoms per unit cell, A and B, shown in red and green in the schematic of the real-space 

graphene lattice (Figure 1.1a).
3
 The distance between the nearest neighbour 

carbon-carbon atoms is 1.42 Å, while the lattice parameter is the second-nearest 

distance. Beside such unique lattice structure, the electric structure is also special for 

graphene. The conduction band (red) and the valence band (blue) meet at Dirac points 
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at the corners of the Brillouin zone (shown in orange) in momentum space, as shown 

in Figure 1.1b. The charge-neutrality level in undoped graphene lies at the Dirac 

points, corresponding to the Fermi level of graphene. Therefore, band gap of undoped 

graphene is zero.   

 

Figure 1.1 (a) Schematic of real-space graphene with honeycomb lattice structure. (b) 

Unique electronic structure of graphene in momentum space. The vertical axis is 

corresponding to energy , while the horizontal axes stand for momentum in the x and 

y directions.
3
 

With its unique 2D-layered lattice structure and zero-bandgap electronic 

structure, graphene possesses novel features, especially in electronic properties. The 
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electron energy is a linear function of momentum in single-layer graphene, whereas 

it is proportional to the square of the momentum in all other quasi-2D materials, 

including semiconductor heterostructures and bilayer graphene. This means that the 

electrons all move with a constant speed independent of their momentum, and 

behave as if they do not have any mass. The density of states vanishes even at Dirac 

points. Moreover, graphene’s quality clearly reveals itself in a pronounced ambipolar 

electric field effect such that charge carriers can be tuned continuously between 

electrons and holes in concentrations as high as 10
13

 cm
–2

 and their mobilities can 

exceed 15,000 cm
2
V

−1
s

−1
, which is the ballistic transport on the sub-micrometre 

scale (currently up to about 0.3 μm at 300 K). The room-temperature quantum Hall 

effect is another extreme electronic quality which can be observed in graphene. 

Besides, graphene also exhibits outstanding electrical, thermal, optical, and 

mechanical properties.
4,5

 Single-layer graphene has a large theoretical specific 

surface area (∼2630 m
2
g

−1
),

6
 and low electrical conductivity,

7,8
 good impermeability 

(gas and liquid),
9,10

 excellent thermal conductivity (∼5000 W
−1

K
−1

),
11

 low 

absorption in white light spectrum (∼2.3%),
12

 and high Young’s modulus (∼1.0 

TPa).
13

 

With its fascinating properties, graphene has accordingly been explored in a 

wide range of applications, such as optoelectronics, memories, sensors, 

supercapacitors, and so on.
14,15

 In particular, field effect transistors (FETs) by 
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integrating graphene and another insulator have been rapidly developed and show 

potential applications in future. Graphene-based FET (GFET) is promising to 

substitute silicon metal–oxide–semiconductor FET (MOSFET) in post-silicon 

nanoelectronics, due to its real 2D structure and extra high electron and hole mobility 

by considering its application in high speed FETs.
16,17

 The first and also 

extensively-studied GFET is based on graphene/SiO2 heterostructure which was 

proposed in 2004 along with the observation of graphene.
1
 Utilizing the amazing 

properties of its one-atomic-layer thickness and ultra-high mobility (in excess of 10
5
 

cm
2
 V

−1
 s

−1
 for exfoliated graphene on SiO2 and greater than 3,700 cm

2
 V

−1
 s

−1
 for 

large-area graphene grown on nickel and transferred to a substrate at room 

temperature) even at high carrier concentration, GFETs have drawn various 

attentions from all over the world. Besides, the high conductivity is also a 

remarkable advantage of graphene who is also flexible and transparent, making 

graphene a good candidate to substitute indium tin oxide (ITO) as transparent 

electrodes from the view points of many applications in optics, electronics and 

optoelectronics.  

Beyond graphene, a large variety of graphene-like 2D materials can be 

exfoliated from their layered bulk materials like graphite. Graphene seems to be just 

the tip of the iceberg for 2D materials and the subsequent discovery of alternative 2D 

materials beyond graphene shows a big 2D family.
18,19

 Indeed, the use of simple 
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micro-mechanical cleavage technique proposed by Novoselov et al. has been 

expanded from graphene to other 2D layered materials, as shown in Figure 1.2.
19

 

Several cleaved samples of NbSe2, graphite, Bi2Sr2CaCu2Ox, and MoS2, 

corresponding to Figure 1.2 a, b, c and d, respectively, illustrate only 

one-atomic-layer thickness but nearly macroscopic laterally. A big family of 

transition metal dichalcogenides (TMDCs), consisting of hexagonal layers of 

transition metal atoms (M, typically Mo, W, Nb, Re, Ni, or V) and sandwiched 

between two layers of chalcogen atoms (X, typically S, Se, or Te)) with a MX2 

stoichiometry, show more and more 2D layered materials after that. Among them, 

molybdenum disulfide (MoS2), is a typical example with exotic properties. The band 

gap of MoS2 shifts from the indirect gap of 1.29 eV to direct gap of over 1.90 eV 

when decreasing the thickness of MoS2 from bulk to single layer.
20

 Although the 

mobility and stability of MoS2 is not comparable to graphene, a desirable band gap 

in MoS2 and other TMDCs still attract much attention from the view of science and 

technology. Following a roadmap of graphene, 2D layered MoS2 has been integrated 

with versatile functional materials and shows much potential for the future 

applications in many aspects. Beside MoS2, hexagonal GaS and GaSe have layered 

structures with each layer consisting of S–Ga–Ga–S and Se–Ga–Ga–Se sheets, and 

indirect bandgaps of 3.05 eV and 2.1 eV, respectively.
21

 Both of the new 2D 

materials have been employed in Si integrated devices, such as FETs and 
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photodetectors.
22–25

  

 

Figure 1.2 Single-layer 2D crystals. (a) NbSe2, (b) graphite, (c) Bi2Sr2CaCu2Ox, and (d) 

MoS2 visualized by AFM (a and b), by scanning electron microscopy (c), and in an 

optical microscope (d). All scale bars: 1 μm.
19

 

In addition to 2D semiconductors, it was reported that individual atomic planes 

of insulator of hexagonal boron nitride (h-BN) could be isolated from its bulk 

materials.
19

 Anyway, after the success of exfoliation of semi-metal graphene, a wide 

range of 2D materials ranging from semiconductors to insulators have been 

discovered and show potential in future nanoelctronic and nanophotonic 
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applications. 

1.2 Significance of Research 

Recently, ferroelectric materials have been employed in GFETs by using 

ferroelectric materials as gate insulator for memory applications.
26,27

 The switchable 

polarization (effectively resulting in stored charge) can be utilized as the means of 

storing information, which offers ferroelectrics the opportunity to be as promising 

nonvolatile alternatives.
28,29

 Thus, it is very significant to study the fascinating 

characteristics of graphene/ferroelectric FETs (GFeFETs).
30,31

 However, large-area 

graphene is a gapless semi-metal, which becomes one of the major challenges when 

using graphene-based devices in practical applications.
17 

Accordingly, various efforts 

have been devoted to access a tunable band gap in graphene.
32,33

 Strain engineering is 

proposed to induce a gap in graphene, but typically large strain in excess of 20% is 

needed.
34,35

 Nevertheless, strain engineering on graphene is very essential to study the 

fundamental properties of graphene. Interestingly, it should be noted the fact that 

ferroelectric materials also possess piezoelectric properties due to the non-central 

structure. For instance, [Pb(Mg1/3Nb2/3)O3]-[PbTiO3] (PMN-PT) not only exhibits 

attractive ferroelectric characteristics, but also possesses outstanding converse 

piezoelectric response. It should be noted that the strain provided by piezolelectrc 

effect is biaxial, that is the strain is homogeneous in x and y directions. Thus, it is 
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feasible also essential to investigate controllable biaxial strain effects on graphene by 

coupling piezoelectric effect to graphene, considering a large range of studies on strain 

engineering are focusing on the uniaxial strain on graphene by stretching or bending 

the underlying flexible substrates. 

Secondly, graphene and some semiconductors can form metal/semiconductor 

(M/S) Schottky junction in which graphene serves as active layer of metal.
36,37

 Among 

these M/S junction, Si has been widely employed to act as the semiconductor,
38

 and 

more importantly, the photovoltaic effects have been achieved based on the 

graphene/semiconductor Schottky junctions.
39

 The presented technique can provide 

the possibility to combine large-area graphene with other semiconductors, such as 

GaAs.
40,41

 In comparison with Si, GaAs has the merits of high electron mobility and 

direct band gap, allowing GaAs-based devices to function at high frequencies and be 

efficient in light emitting devices. Moreover, theoretical simulation shows that 

graphene/GaAs has a potential of exhibiting superior photovoltaic behaviors to that of 

graphene/Si junctions.
42

 The hybrid systems of graphene and GaAs (or GaAs 

nanowires) exhibit the potential applications of photodetector.
43,44

 Taking into account 

of the superb properties of high electron mobility and direct band gap, graphene/GaAs 

hybrid structure shows potential in solar cell applications.  

Thirdly, stimulated by the success of graphene, simple micro-mechanical 

cleavage technique has been expanded to other layered materials.
19

 Among the recent 
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advances for potential applications of graphene and beyond graphene,
14,45–47

 2D 

gallium selenide (GaSe), a layered III-VI semiconductor, has been receiving lifted 

attention from electronic and photonic applications, such as FETs and 

photodetectors.
21,23,25

 Note that one of the most important properties of bulk GaSe is 

the nonlinear optical property due to the absence of the inversion symmetric 

center.
48,49

 Nonlinear optics has been widely used in many important applications such 

as integrated optics, optical information, optical communications and imaging 

techniques.
50,51

 In comparison with their bulk counterparts, the nonlinear optical 

properties have not been explored in their 2D form. Thus, it is essential and interesting 

to study the nonlinear optical properties of 2D layered GaSe. 

1.3 Structure of Thesis 

The chapters of this thesis are organized as follows: 

Chapter 1: Introduction. In this chapter, the unique structure and fascinating 

properties of graphene are first introduced, followed by the 2D materials beyond 

graphene. Then, the significance of this research is presented for better understanding 

of this research. In the meantime, the structure of this thesis is described for reading 

guidance. 

Chapter 2: Overview of graphene-based hybrid structure and 2D layered GaSe. The 

first section gives the background of GFETs and GFeFETs. Then the strain effects and 
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the vibritional properties of graphene are discussed. The second section devotes to the 

basic principles, research status and potential applications of graphene-based Schottky 

junction solar cells combined with Si and GaAs. Last but not least, the crystal structure 

and intrinsic properties of bulk and 2D GaSe as well as the recent progress in 

nonlinear behaviors of single-layer 2D materials. 

Chapter 3: Experimental techniques. This chapter describes the important 

experimental methods which were used in works described in this thesis, including 

the preparation and transfer methods of graphene and GaSe nanosheets, the structural 

characterization techniques, the electrical characterization systems, as well as the 

optical characterization systems.  

Chapter 4: Fabrication and Characterization of Graphene/PMN-PT Hybrid Structure. 

This chapter demonstrates hybrid structure of graphene and PMN-PT, ranging from 

the fabrication, characterization to transport and vibrational properties. Especially, 

the effects of ferroelectric polarization on the electric properties of graphene are 

summarized. Then, the vibrational properties of graphene under piezoelectric biaxial 

strain are discussed.  

Chapter 5: Graphene/GaAs -based Schottky junction solar cells. This chapter is the 

experimental study of graphene/GaAs Schottky junction solar cells. The working 

principles of the Schottky junction are addressed and the photovoltaic effects of the 

junction-based solar cells are investigated.  
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Chapter 6: Nonlinear optical properties of 2D layered GaSe sheets. In this chapter, 

the second harmonic generation and two-photon excited fluorescence of the GaSe 

nanosheets have been studied. Besides, first-principles calculations are performed to 

support the unique nonlinear optical properties. 

Chapter 7: Conclusion and Future Prospect. In this chapter, the results in this thesis 

are summarized and concluded. Meanwhile, future prospect of the research of 2D 

materials is described.
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Chapter 2   Overview of Graphene-Based 

Hybrid Structure and 2D GaSe 

In this chapter, the relevant research status, background, significance and the 

basic principles will be introduced for a comprehensive understanding of the thesis. 

Some basic information about graphene-based transistors and graphene/ferroelectric 

transistors are described. Based on the hybrid structure of graphene/ferroelectric, the 

strain effects and vibrational properties of graphene are discussed. This is followed by 

the analysis and discussion of graphene-based Schottky junction solar cells. Then 

research status of 2D GaSe and the nonlinear behaviors of single-layer 2D materials 

are presented. 

2.1 Graphene/ferroelectric hybrid structure 

2.1.1 Graphene-based transistors 

Generally speaking, a FET consists of a channel region connecting source and 

drain electrodes, a gate and a barrier separating the gate from the channel. Typically, 

the operation of a transistor relies on tuning the channel conductivity. The current 

between the drain and the source can be accordingly controlled by a bias voltage 

applied between the gate and source electrodes. After its discovery, graphene has 
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been integrated into GFET devives. There are three types of GFETs: back-gated; dual 

back- and top-gated; top-gated FETs, as schematically shown in Figure 2.1a, b, and c, 

respectively.
52

 A typical back-gated GFET is fabricated by forming two electrodes of 

source and drain on the top of the graphene layer, with a potential applied to the 

highly-doped silicon bottom electrode of the device to modulate the energy levels of 

graphene (Figure 2.1a). A top-gated GFET can be formed by depositing an insulator 

layer (for example, Al2O3, as shown in Figure 2.1c) on graphene to serve as the gate 

insulator with SiC substrate to provide mechanical support to the graphene layer. 

While, a dual back- and top-gated GFET, showing the localized gate capacitor 

fabricated on top of the channel, as shown in Figure 2.1b. Electron and hole densities 

are tuned by a gate voltage, which raises or lowers the Fermi energy of graphene, 

shown schematically in Figure 2.1d. At the charge neutrality (Dirac) point, K and K ,́ 

the resistivity (conductivity) reaches a maximum (minimum), and the conductivity 

increases above or below this energy point. This zero-bandgap material has an 

insufficient maximum resistance (i.e., no distinctive off-state). GFETs are ambipolar, 

i.e., switching from n- to p-type behavior above and below the charge neutrality point, 

forming a symmetric “V” shape in source-drain current (Ids) vs. gate voltage (Vg) plots 

(Figure 2.1e). 
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Figure 2.1 Schematics of graphene-based FETs (a) back-gated; (b) dual back- and 

tope-gated; (c) top-gated. (d) Schematic of band structure of charge neutrality of 

graphene, and the shift above and below the Dirac point. (e) Typical resistivity (purple 

curve) and conductivity (green curve) of graphene as a function of gate voltage. 
52

 

2.1.2 Graphene/ferroelectric transistors 

Non-volatile memory can get back stored information even when not powered. 

Examples of non-volatile memory include read-only memory, flash memory, 

ferroelectric random-access memory (F-RAM), and so on. However, most forms of 

non-volatile memories have limitations that make them unsuitable for use as primary 

storage. Typically, non-volatile memory either costs more or has a poorer performance 

than volatile random access memory. F-RAM contains a thin ferroelectric film of lead 
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zirconate titanate [Pb(Zr,Ti)O3] (PZT). F-RAM retains its data memory when power is 

shut off or interrupted, due to the PZT crystal maintaining polarity. Based on these, 

ferroelectric materials have been employed into GFETs, aiming to realize non-volatile 

memory by utilizing the hybrid structure of graphene and ferroelectric. 

The nonvolatility of ferroelectric gated GFETs relies on the residual 

polarization of ferroelectric materials when the external electric field is removed. 

The residual polarization can achieve a high doping concentration for the graphene 

layer at zero bias. Figure 2.2 shows the schematic of GFET with organic ferroelectric 

polymer of poly(vinylidene-fluoride-trifluoroethylene) P(VDF-TrFE) as top gate 

dielectric. The device state of non-volatile memory is determined by the writing 

voltage (Vwriting) rather than the initial state, as shown in Figure 2.3. To be more 

specific, when the Vwriting is negative, the FET shows high-resistance state “1”, 

regardless of the initial state of the FET.
26,29

 In contrast, a positive Vwriting with the 

same magnitude can set the unit cell into low-resistance state “0”. The 

graphene/ferroelectric hybrid structure can achieve the bit writing of “0” from “0” and 

“1”, respectively. So, the writing state is independent on the initial states and is only 

determined by the Vwriting. And such states can be retained due to the non-volatile 

ferroelectric polarization. Generally, the ferroelectric materials integrated in FETs 

mainly include PZT thin films and organic ferroelectric P(VDF-TrFE), while 

graphene sheets prepared by chemical vapor deposition (CVD) and mechanical 
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exfoliation are used in non-volatile memories. 

 

Figure 2.2 Schematics of graphene-based FETs with ferroelectric P(VDF-TrFE) as 

the top gate dielectric while SiO2 as back gate insulator.
29

 

 

Figure 2.3 Writing process of non-volatile memory based on graphene/ferroelectric 

hybrid system. Symmetrical bit writing (a) from “1” to “1”; (b) from “0” to “1” by 

using the negative writing voltage (−Vwriting); (c) from “0” to “0”; (d) from “1” to “0” 

by using the positive writing voltage (Vwriting).
29

 

The non-volatile memory based on graphene/ferroelectric hybrid system was 

ever made by Özyilmaz et al. The organic ferroelectric of P(VDF-TrFE) polymer was 
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utilized as a top gate to functionalize the GFeFETs, while normal SiO2 served as both 

bottom gate and substrate, providing independent background gating and mechanical 

support, respectively.
26,29 

By using the SiO2 as bottom gate, an independent bottom 

gate voltage (VBG) could be generated to provide a well-defined and constant reference 

to the ferroelectric polymer, and also the doping level and carrier density of graphene 

could be modified by the bias voltage. At relatively high bias voltage applied to 

P(VDF-TrFE), the ferroelectric polarization can be switched in the unit cell. 

Furthermore, Song et al carefully compared mechanically exfoliated and CVD-grown 

graphene sheets on PZT thin films on Pt/Ti/SiO2/Si substrates.
28

 For exfoliated 

graphene, the GFeFET exhibits large memory window which is nearly equivalent to 

the hysteresis of the PZT thin film. Compared to the exfoliated one, the main 

difference for CVD-grown graphene is the initial doping level due to the etchant 

solution during the process of removing the underlying Cu sheets.
53

 Such effects give 

rise to the distinct hysteresis behaviours compared to exfoliated graphene
27,54

 

2.1.3 Piezoelectric strain on graphene 

From the point of view of symmetry, ferroelectric materials are found to be of 

non-centrosymmetric crystal structure, belonging to crystal classes lacking inversion 

center. Thus, ferroelectric materials can exhibit a wide range of technologically 

significant physical properties, such as piezoelectricity and pyroelectricity.
55

 In theory, 
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piezoelectricity results from the linear interaction between electrical and mechanical 

systems in non-centrosymmetric crystals. That is an external electric field can give 

rise to an internal structure deformation or an external mechanical deformation can 

induce an internal polarization charge. Besides, it is viable to provide biaxial strain to 

graphene by exerting an external electric field to the underlying piezoelectric material. 

Due to the converse piezoelectric response, a biaxial strain can be generated by the 

piezoelectric material, and such strain can be delivered to the above graphene layer. 

For example, PMN-PT single crystals are excellent piezoelectric materials which are 

capable of possessing high electromechanical coupling coefficients and high 

electrically induced strains.
56

 These excellent piezoelectric properties of PMN-PT, 

which are superior to those traditionally used PZT ceramics, provide opportunity of 

them to be widely used as an actuator.
57,58

 It should be noted that the strain provided 

by the piezoelectric crystal is biaxial strain in nature, and the structure deformation in 

x axis is always kept same to that in y axis. In fact, Ding et al. ever applied biaxial 

strain caused by PMN-PT to mechanically exfoliated graphene.
59

 Tunable strain 

effects on graphene are studied by applying perpendicular electric field to the 

piezoelectric substrate of PMN-PT. The position of feature peaks for graphene (D, G, 

2D and 2D’) can be tuned under biaxial strain, showing reproducible shifts. The 

Grüneisen parameters can be calculated according to the shift of feature peaks. 

Therefore, such novel graphene/piezoelectric hybrid system provides one an 
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opportunity to investigate controllable biaxial strain effect on graphene. Such 

piezoelectric strain could induce a blue shift of Raman feature peaks of graphene 

under compressive strain, while a red shift under tensile strain. Nevertheless, previous 

investigations of biaxial strain focused mainly on the mechanically exfoliated 

graphene (i.e. single-crystal graphene). Generally, CVD-synthesized graphene sheets 

are polycrystalline and also large-area, which is of great interest for industrial 

applications. However, the vibrational properties of CVD-grown graphene under 

biaxial strain are still lacking until now. 

The effect of strain on graphene has been theoretically studied by first-principle 

calculations
60

 or experimentally measured by Raman spectroscopy.
61,62

 Raman 

spectroscopy is considered an integral part of research for graphene and other 2D 

layered materials. It is used to determine the number and orientation of layers, the 

quality and types of edge, and the effects of perturbations, such as electric and 

magnetic fields, strain, doping, disorder and functional groups. The Raman spectra of 

graphene can be interpreted by phonon dispersion. In graphene, there are six phonon 

dispersion modes by considering 2 atoms per unit cell. In the six modes, there are three 

acoustic (A) and three optical (O) phonon modes. For both acoustic and optical 

phonon modes, one is an out-of-plane (Z) phonon mode and the other two are in-plane 

modes, one longitudinal (L) and the other one transverse (T). Thus, starting from the 

highest energy at the Γ point in the Brillouin zone the various phonon modes are 
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labeled as LO, TO, ZO, LA, TA and ZA. 

                                                                                                                                                                                                                                                                                                                                

V                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

 
Figure 2.4 (a) Electronic Brillouin zones of graphene (black hexagons), the 

first-phonon Brillouin zone (red rhombus) and schematic of electronic dispersion. 

The phonon wave vectors connecting electronic states in different valleys are 

labelled in red. (b) Γ-point phonon-displacement pattern for graphene. Empty and 

filled circles represent in-equivalent carbon atoms. Red arrows show atom 

displacements. (c) Atom displacements (red arrows) for the A1g mode at K point. 

Figure 2.4a plots the electronic Brillouin zone of graphene, the first-phonon 

Brillouin zone and shows a schematic of the electronic dispersion. The optical 

phonons in the zone-center (Γ) and zone edge (K and K’) region are of particular 
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interest, since they are accessible by Raman spectroscopy. Graphene has two atoms 

per unit cell, thus six normal modes (two being doubly degenerate) at the Brillouin 

zone centre Γ. A2u, B2g, E1u and E2g, as shown in Figure 2.4b. The E2g phonons are 

Raman active, whereas the B2g phonon is neither Raman nor infrared active. Both E1u 

and E2g are infrared-active. So, in graphene at the Brillouin zone centre Γ only the E2g 

phonons are Raman active. The vibrations correspond to the rigid relative 

displacement of the two carbon atoms’ sub-lattices. This phonon mode is Raman 

active and responsible for the Raman G mode in graphene, corresponding to the 

high-frequency E2g phonon at Γ. The D peak is due to the breathing modes of six-atom 

rings and requires a defect for its activation, as shown in Figure 2.4c. It comes from 

TO phonons around the Brillouin zone corner K, it is active by double resonance, and 

is strongly dispersive with excitation energy, due to a Kohn anomaly at K. Double 

resonance can also happen as an intra-valley process, that is, connecting two points 

belonging to the same cone around K (or Kʹ). This gives the so-called Dʹ peak. The 2D 

peak is the D-peak overtone, and the 2Dʹ peak is the Dʹ overtone. Because the 2D and 

2Dʹ peaks originate from a process where momentum conservation is satisfied by two 

phonons with opposite wave vectors, no defects are required for their activation, and 

are thus always present. Note that, although being an in-plane mode, the 2D peak is 

sensitive to layer number because the resonant Raman mechanism that gives rise to it 

is closely linked to the details of the electronic band structure, the latter changing with 
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layers, and the layers relative orientation. 

2.2 Graphene/semiconductor hybrid structure 

2.2.1 Graphene Schottky junction solar cells 

A solar cell device can convert light to electricity with a value of power 

conversion efficiency (PCE) which is an important parameter to determine the 

behaviors of the device.
63

 At early research stage in this field, graphene applied to 

solar cells has only been used as an alternative transparent electrode to ITO due to its 

some advantages, such as superior flexibility, higher transparency and better 

conductivity, no matter in inorganic silicon or organic polymer cells.
64,65

 In fact, 

beyond the single role of transparent conductor, graphene can fulfill multiple 

functions in solar cells, such as photoactive layer, channel for charge transport, and 

catalyst.
66–68

  

Graphene, as a semi-metal, can somewhat serve as a metal active layer to form 

M/S Schottky contact with some semiconductors, such as Si, SiC, GaAs, GaN and 

graphene oxide etc,
69,70

 if the work function difference between graphene and the 

semiconductor is large enough, and the carrier density of the later is moderate.
71

 Such 

M/S diodes based on the graphene/semiconductor hybrid systems may find many 

promising applications, such as photodetectors
72,73

, solar cells,
39

 light-emitting diodes 

(LEDs),
74

 and so on. Comparatively, most reports about LEDs involved in graphene 
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only made use of transparent and conductive characteristics of graphene instead of 

hetero-interface.
75–77

 It is well-known that the Fermi energy level of semiconductors 

can be tuned by impurity doping. On the other hand, the work function of graphene 

can be modulated by various methods, such as electric field, doping, layer number, etc. 

Based on the difference of the work-function between graphene and semiconductor, 

the graphene/semiconductor hybrid devices can be developed. In principle, any 

semiconductor with electron affinity lower than the work function of graphene can 

create an M/S diode. As a consequence, a build-in potential is generated in the 

semiconductor adjacent to the Schottky junction interface due to the different work 

function between them. Under the illumination, the photon-generated carriers can be 

separated and then transferred to the electrodes, yielding photovoltaic effects from 

such junction devices. 

2.2.2 Graphene/Si Schottky junction solar cells 

Li et al reported graphene/Si Schottky junction solar cells by employing several 

layers of CVD-grown graphene sheets (GS), as schematically shown in Figure 2.5a. In 

their investigated junction solar cells, graphene was used as not only a transparent 

electrode for light illumination, but also an active layer for electron–hole separation 

and hole transport.
39,78

 The photovoltaic response of the graphene/Si junction solar 

cell is presented in Figure 2.5b. Under air mass 1.5 (AM 1.5) illumination, light 
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current density–voltage (J–V) data demonstrated down-shift curves with the 

open-circuit voltage (Voc) of 0.42 ~ 0.48 V, the short-circuit (Jsc) of 4 ~ 6.5 mA cm
–2

, 

and a fill factor (FF) of 45 ~56%, resulting in an overall solar energy PCE of 1.0 

~1.7%. In the junction solar cells, the graphene layer not only serves as the 

transparent electrodes for light illumination, but also the active layer for carrier 

separation and hole transform, as shown in the bottom-left inset of Figure 2.5a. 

 
Figure 2.5 (a) Schematic of the graphene/Si junction solar cells. The cross-sectional 

view of the junction is shown in bottom-left inset, photogenerated holes (h
+
) and 

electrons (e
−
) are driven into the graphene and Si, respectively. Bottom-right inset 

shows real image of the Schottky junction solar cell. (b) Dark and Light J–V curves 

of the graphene/Si Schottky junction solar cells illuminated with AM 1.5.
39

  

As above introduced, single-junction graphene-based photovoltaic devices have 

attracted much attention due to their simplifying fabrication process and potential 

widespread applications.
79,80

 However, the conversion efficiency of pristine 

graphene-based cells is still not comparable to traditional Si or GaAs junction solar 

cells.
81

 As a result, many efforts have been put on to improve the performance of 

graphene-based Schottky junction solar cells. For example, chemical or substitutional 
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doping to graphene layer can reduce graphene’s sheet resistance or achieve p-type 

modification, and therefore increase the built-in potential. These would be beneficial 

to the reduction of the ohmic losses and the enhancement of the electron-hole pairs 

separation generated by absorbed photons. Different p-doping methods have been 

developed like chemically treatment with HNO3
82

 or AuCl3 solution,
83

 and thionyl 

chloride (SoCl2) vapor,
84

 direct incorporation of boron in CVD process.
85

 Note that 

doping with bis(trifluoromethanesulfonyl)-amide [((CF3SO2)2NH)] (TFSA) can result 

in an about 3~5 times increase in PCE of the graphene/n-Si Schottky junction solar 

cell jumping from 1.9 to 8.6%.
86

 The improved light harvesting in chemically doped 

graphene/n-Si Schottky junction solar devices has been attributed to the reduction of 

graphene’s sheet resistance and an increase in the built-in potential. The method is 

considered as a practical, simple and scalable routine since device fabrication involves 

simple planar thin-film geometries, conventional graphene production techniques and 

uncomplicated spin-casting of organic layers. However, the stability of the organic 

overlayers has not been reported. In addition, the layer number of graphene should be 

carefully tuned to compromise the electrical and optical properties, including work 

function, sheet resistance and film transmittance.
87

 Moreover, some antireflection 

techniques are effective ways to reduce the optical losses, such as the introduction of a 

pillar-array periodic patterned structure to Si.
88

 A PCE of graphene/Si junction solar 

cell was reported to be 14.5% through spin-coating the antireflection layer of TiO2 
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onto graphene/Si.
89

 The detailed performance parameters of graphene-based Schottky 

junction solar cells with various methods to enhance the device performance are 

summarised in Table 2.1. 

Table 2.1 Performance parameters of graphene/Si Schottky junction solar cells. Some 

methods are used to improve the performance of the solar cells. 

Semiconductor 
Methods to improve 

performance 

Voc 

(V) 
Jsc 

(mA/cm
2
) 

PCE Ref. 

Si Pristine 0.48 6.5 1.65 
39

 

Si NW SoCl2 doping 0.503 11.24 2.86 
84

 

Si 
Boron doping and HNO3 

modification 
0.57 21 3.4 

85
 

Si 
Si-pillar-array and HNO3 

doping 
0.515 22.7 7.72 

88
 

Si TFSA doping 0.54 25.3 8.6 
86

 

Si 
Multilayer graphene and 

HNO3 doping 
0.55 16.91 9.63 

80
 

Si 
TiO2 coating and HNO3 

doping 
0.62 32.5 14.5 

89
 

2.2.3 Graphene/GaAs Schottky junction solar cells 

In comparison with currently widely studied Si in graphene-based junction solar 

cells, there is rare work on graphene/GaAs solar cells. By considering the merits of 

direct band gap and high electron mobility (8000 cm
2
V

−1
s

−1
 at 300 K) which is about 6 

times of that of Si (1350 cm
2
V

−1
s

−1 
at 300 K), GaAs should be one of the best 
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candidates for high performance solar cells. Currently, the most widely studied solar 

cells are based on silicon with the efficiency of about 25% obtained from single p-n 

junction of crystalline Si, while GaAs-based solar cells show higher efficiency of 

more than 28%.
90

 Previously, several types of heterostructures of perovskite oxide 

thin films and GaAs have been studied by our group.
91–93

 Very recently, we combined 

CVD-grown graphene sheets with GaAs wafer to fabricate the Schottky junction 

solar cell based on graphene/GaAs. Single- and bi-layer graphene sheets were 

transferred onto n-type GaAs substrate with about 200-nm SiO2 as insulating layer to 

form a graphene/GaAs Schottky barrier. Among them, bilayer graphene/GaAs 

junction shows better photovoltaic behaviors with the Voc of 0.65 V, Jsc of 10.03 

mA/cm
2
, yielding the PCE of 1.95 %.

94
 Such performance parameters of the device 

are comparable to above mentioned graphene/Si junction-based devices. By 

considering the high-performance of optoelectronic capabilities of radiation-resistant 

GaAs wafer, this work exhibits that the developed graphene/GaAs system may be an 

attractive system for future photovoltaic applications. Very recently, Li et al reported 

high performance solar cells with graphene/GaAs structure.
95

 Similar to the methods 

to enhance the photovoltaic behaviors used in graphene/Si junction solar cells, TFSA 

doping and anti-reflection coating (ARC) techniques have been employed to 

graphene/GaAs junction solar cells. PCE of 10.4% have been achieved by TFSA 

doping. Furthermore, through anti-reflection technique, the PCE value has been 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 2 

JIE Wenjing  28 

further improved up to 15.5%, which is higher than that of graphene/Si solar cell. The 

J−V curves of the junction solar cells with different modification are shown in Figure 

2.4a. Furthermore, calculation points out PCE of 25.8% can be reached by reasonably 

optimizing the open circuit voltage, junction ideality factor, resistance of graphene and 

metal/graphene contact, as shown in Figure 2.4b. This further means that 

graphene/GaAs heterostructure solar cells have great potential for practical 

applications. 

 

Figure 2.6 (a) Experimental J−V curves of graphene/GaAs solar cells with as-grown 

graphene, with TFSA doping and with both doping and anti-reflection coating. (b) 

Experimental and calculation predicted J−V curves of the best graphene/GaAs solar 

cells.
95

 

Table 2.2 Performance parameters of graphene-based Schottky junction solar cells 

combined with different semiconductors. 

Semiconductor 
Methods to improve 

performance 

Voc 

(V) 
Jsc 

(mA/cm
2
) 

PCE Ref. 

GaAs Pristine 0.65 10.03 1.95 
94

 

GdSe NB Pristine 0.51 5.75 1.25 
96

 

CdS NW 
Integrating 5-nm Au 

electrode 
0.15 NA 1.65 

97
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GaAs 
TFSA doping and 

anti-reflection coating 
0.76 22.5 15.5 

95
 

Besides, The Schottky junction solar cells can be fabricated by combining 

graphene with other semiconductor nanostructures like CdS nanowire (NW) and 

CdSe nanobelt (NB).
96,97

 These nanojunctions shows comparable photovoltaic 

behaviors to pristine Si or GaAs Schottky junction solar cells. The performance 

parameters of graphene-based Schottky junction solar cells with different 

semiconductors are summarized and exhibited in Table 2.1. 

2.3 Nonlinear optical properties 

2.3.1 Introduction 

Nonlinear optics (NLO) is the behavior of light in materials lacking inversion 

symmetric center. In these materials, dielectric polarization responds nonlinearly to 

the electric field of the light. The nonlinear phenomenon can only be observed when 

the light is of high intensity, typically high energy pulse laser. Second harmonic 

generation (SHG), also called frequency doubling, is a nonlinear optical process, in 

which photons with the same frequency interacting with a nonlinear material to 

generate new photons with twice the energy, and therefore twice the frequency and 

half the wavelength of the initial photons.  
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2.3.2 Nonlinear optical properties in GaSe 

GaSe is a well-known crystal which can produce second harmonic response in 

NLO. GaSe is a highly anisotropic semiconductor, which consists of layers of 

covalently bonded stacks with top and bottom layers of Se and two layers of Ga ions in 

the middle, i.e., in the sequence of Se-Ga-Ga-Se, with a lattice constant of 0.374 nm 

and the basic layer thickness of about 0.9 nm. Bulk GaSe has an indirect band gap of 

about 2.0 eV and a direct band gap of only 25 meV higher. The electron can easily 

transfer between the two energy levels with a small amount of thermal energy. In 

addition, GaSe crystals possess wide transparency range from 0.65 to 18 μm, 

relatively high birefringence and high threshold damage value for different laser 

lines.
98

 Note that one of the most important properties of bulk GaSe is the nonlinear 

optical property.
48,49

 GaSe has been used in laser equipment as a far-infrared 

conversion material. 

For GaSe crystals, there are several different modifications which differ in the 

stacking sequence, and the three most important classifications are so-called β-GaSe, 

ε-GaSe, and γ-GaSe.
99

 The unit cells of these three deformations are schematically 

shown in Figure 2.5. Among them, γ-GaSe has a 3R stacking sequence, belonging to 

noncentrosymmetric space group of C
4
6v, as shown in the right of Figure 2.5. Both 

β-GaSe and ε-GaSe are hexagonal symmetric with a 2H stacking, and they will be 

used in our experiments in later section. β-GaSe has two basic layers per unit cell and 
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belongs to space group of D
4

6h. It is centrosymmetric, which has the same crystal 

symmetry with MoS2 and WS2. On the other hand, the ε-GaSe is noncentrosymmetric 

due to the stacking sequence and belongs to space group of D
1

3h. Among different 

modifications, ε-GaSe ranks the most efficient nonlinear material with high nonlinear 

coefficient (deff) of 54 pm/V. 

 

Figure 2.7 Unit cells for different modifications of GaSe: β-GaSe (left), ε-GaSe 

(middle), and γ-GaSe (right).
99

 

In comparison with their bulk counterparts, 2D GaSe layers are expected to have 

a tunable band gap, high photoresponsivity, and high sensitivity due to the large 

surface-to-volume ratio and the distinct quantum confinement on their optical and 

electronic properties. Single-layer GaSe was first reported by Late et al in 2012 via 
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mechanical exfoliated method.
21

 After that, GaSe layers were transferred onto SiO2/Si 

substrates for the fabrication of FETs and high-performance photodetectors.
23,25

 The 

transport properties of GaSe were characterized based on the GaSe FET which shows 

p-type properties with an on-off ratio of about 105 and a mobility of 0.6cm
2
V

−1
s

−1
at 

room temperature. On the basis of the GaSe transistor, a photodetector was fabricated, 

showing a fast response of 0.02 s, high responsivity of 2.8 AW
−1

 and high external 

quantum efficiency of 1367% at 254 nm. 

Beyond mechanically exfoliated GaSe, several methods have been developed to 

grow GaSe layer, such as vapor phase mass transport, van der Waals epitaxy and pulse 

laser deposition methods. GaSe atomic layers were successfully synthesized directly 

on SiO2/Si substrate by a vapor phase mass transport method.
98

 Few-layer high quality 

GaSe sheets as large as tens of micrometers have been synthesized by this method. By 

utilizing the synthesized large-area GaSe layers, a photodetector was prepared, 

showing an evident electrical photoresponse and a low dark current. The on−off ratio 

is in the order of 10
3
. In addition, GaSe layers have been fabricated on mica substrate 

using a van der Waals epitaxy method.
99

 Single- and few-layer GaSe nanosheets with 

the lateral size of up to tens of micrometers were prepared. The 2D GaSe crystal-based 

photodetectors were demonstrated on both mechanically rigid SiO2/Si and flexible 

mica substrates. Efficient photoresponse was observed in 2D GaSe crystal devices on 

transparent flexible mica substrates, regardless of repeated bending with different 
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radii. The controlled growth of 2D GaSe crystals with efficient photoresponsivity 

opens up opportunities for both fundamental aspects and new applications in 

photodetectors. Besides, pulse laser deposition method was employed to grow GaSe 

nanosheets using a bulk GaSe target. The prepared GaSe nanosheets show p-type 

semiconducting characteristics with mobilities reaching as high as 0.1 cm
2
V

−1
s

−1
at 

room temperature. By using the synthesized GaSe sheets, some optoelectronic devices 

have been developed, showing strong photoresponse. Pulsed laser deposition appears 

to provide a versatile and rapid approach to stoichiometrically transfer and deposit 

functional networks of 2D nanosheets with digital thickness control and uniformity for 

a variety of applications.
102

 

The widely-developed GaSe layers via mechanical exfoliation, chemical or 

physical growth methods offer more opportunities for potential applications in 

optoelectronic devices. However, the nonlinear optical properties, one of the most 

important behaviors of bulk GaSe, have not been investigated until now in 2D form. 

2.3.3 Nonlinear optical properties in other 2D materials 

In atomically layered materials, the individual layers will generally exhibit 

different symmetry from the corresponding bulk crystals. Few-layer materials of 

different layer thickness can moreover have distinct symmetries from one another, 

even when their thickness differs by only one atomic layer. Since symmetry plays a 
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critical role in defining the material properties, such differences in symmetry lead to 

significant differences in material properties. Bulk TMDCs, like bilayer MoS2 and 

WS2, are stacked in 2H order, with pairs of layers forming a unit and belong to the 

same centrosymmetric D6h
4
 space group. As a consequence, bulk TMDCs are not 

capable of producing SHG. However, single-layer MoS2 and h-BN are 

noncentrosymmetric materials, while their bilayers and bulk counterparts are expected 

to exhibit inversion symmetry. The broken inversion symmetry in TMDCs of 

single-layer implies the possibility of second harmonic generation. In contrast, bilayer 

TMDCs, like bilayer MoS2 and WS2, were reported to show negligible second order 

optical nonlinearity due to the restoration of inversion symmetry.  

Figure 2.6a and b show the optical and AFM image of the MoS2 flake. Mono-, bi- 

and tri-layer (1L, 2L and 3L) MoS2 can be obtained by mechanical exfoliation method. 

The SHG image is shown in Figure 2.6c. The most intense second harmonic emission 

comes from the monolayer part, while SHG degrades in trlayer and even vanishes in 

bilayer one. Second harmonic intensity profile shown in Figure 2.6d indicates the 

parity-dependent SHG. Similar behaviors of the enhanced second harmonic response 

in odd-layered TMDCs nanosheets also have been reported by other groups.
103–106

 

Abnormally, SHG can be detected in artificially stacked TMDCs bilayers with an 

arbitrary stacking angle and h-BN bilayers with broken inversion symmetry.
107,108
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Figure 2.8 (a) Optical image of exfoliated MoS2. (b) Atomic force microscopy 

identification of mono-, bi- and tri-layer (1L, 2L and 3L) MoS2. (c) SHG image of the 

same flake. (d) Second harmonic intensity profile got from the yellow line at part 

(c).
104
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Chapter 3   Experimental Techniques  

The important experimental techniques employed in our experiments will be 

introduced in this chapter, including the preparation and transfer methods of graphene 

and GaSe nanosheets, the structural characterization techniques of atomic force 

microscopy and x-ray diffraction, the electrical characterizations of FETs and solar 

cells measurement systems, as well as the optical characterizations of micro Raman 

spectroscopy, confocal laser scanning microscopy and nonlinear optics measurement 

system. 

3.1 Fabrication of graphene and 2D layered GaSe 

sheets 

3.1.1 Growth of graphene by CVD method and transfer 

process 

As of now, several methods have been developed to grow or synthesize graphene 

sheets. The widely-used ways to produce graphene include mechanical exfoliation, 

the desorption of Si from SiC single-crystal surfaces,
109

 surface precipitation process 

of carbon in some transition metals,
110

 chemical reduction of graphene oxide to 

produce covalently functionalized single-layer graphene,
111

 chemical 
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exfoliation,
112,113

 and so on. The first graphene sheet was obtained by mechanical 

exfoliation of highly oriented pyrolytic graphite with a Scotch tape. Micro-scale 

graphene flakes can be cleaved and adhered to the subsequent target substrate.
114

 The 

exfoliated graphene possesses superior properties. However, the size of such graphene 

sheets is limited and it is difficult to achieve wafer-scale graphene by mechanically 

exfoliated method. Consequently, several alternative methods have been developed to 

grow graphene, such as epitaxial growth and CVD. High-quality large-area graphene 

can be fabricated on single-crystal SiC by epitaxial growth method. While CVD 

method has been employed to grow large-area graphene sheets on metal surfaces, like 

Ni and Cu.
115,116

 CVD-grown graphene are typically polycrystalline consisting of 

many domain boundaries and graphene wrinkles
116

 However, CVD-grown graphene 

can be easily transferred onto target substrates by etching away the underlying metal 

foils. This gives CVD-grown graphene a chance to be widely used in many integrated 

devices.  

Graphene is prepared by CVD method on Cu foils in our experiments. Firstly, put 

25-μm thick Cu foil in quartz tube, anneal the Cu foil to 1000 ºC for 30 min with the 

flow of H2(g)/Ar(g) at a flow rate of 10:50 SCCM (standard center cubic per minute). 

Then, introduce CH4(g) at 1000 ºC for 10 min. After the reaction process, the quartz 

tube is pulled out from the hot zone of the furnace and cooled naturally with the flow 

of H2(g)/Ar(g). After that, monolayer graphene can be obtained on the copper foil. The 
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reaction time and flow rate of purging gas can be varied to control the thickness of 

graphene.  

Typically, graphene grown on metal foils must be transferred onto insulating 

substrates for device fabrication and electronic characterization. Up to this date, 

various methods have been demonstrated to transfer the as-grown graphene on metal 

substrates onto target insulating substrates. The typical way is to chemically etch the 

underlying metal sheets away to obtain a free standing graphene membrane. This 

membrane can then be scooped on a target substrate. Besides, Kim et al reported a 

dry-transfer method using a soft substrate of PDMS stamp to transfer pre-patterned 

graphene with various size and shape.
115

 Bae et al proposed a roll-to-roll transfer 

method which could transfer 30-inch graphene films from copper sheet onto plastic 

substrate with a polymer support.
117

 A bubbling method was employed to transfer 

graphene sheets grown on Pt substrate to an arbitrary substrate.
118

 This approach is 

essentially nondestructive not only to graphene, but also to Pt substrate.  

In our experiments, a general technique is used to transfer CVD-graphene onto a 

target substrate, as illustrated in Figure 3.1. The transfer process is firstly performed 

by spin-coating a thin polymeric layer, such as polymethyl methacrylate (PMMA), on 

top of the graphene. This polymer provides a mechanical support to graphene before 

the transfer. The underlying Cu foil can then be etched away by solution of iron 

chloride (FeCl3). Typically, it takes several hours for the Cu foil to be completely 
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dissolved. After that, the floating membrane of graphene with a support from the 

above polymer can be scooped on a target substrate. After drying, a good adhesion can 

be formed between graphene and the target substrate. Then, the polymer can be 

dissolved with acetone. At last, graphene layer is left on the target substrate. 

 

Figure 3.1 A typical method to transfer graphene from Cu foils to the target substrate. 

(a) Graphene on Cu foils. (b) PMMA coated graphene on Cu foils. (c) PMMA 

supported graphene after etching the Cu foils. (e) Transfer PMMA/graphene onto the 

target substrate. (e) Graphene on target substrate after the above PMMA layer is 

dissolved. 
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3.1.2 Preparation of GaSe nanosheets by mechanical 

exfoliation 

The growth method of graphene has been expanded to other 2D layered materials. 

For example, many 2D layers have been obtained from their bulk materials by 

mechanical exfoliation which is a convenient way to obtain micro-scale nanosheets 

with high quality. In our experiments, few-layer GaSe sheets are prepared by using 

Scotch tape from a piece of 2H-stacking GaSe crystal. Then the nanosheets on the 

adhesive tape are transferred onto a target substrate, typically, 300-nm SiO2 coated Si 

substrate. The high-quality GaSe crystal is purchased from 2D Semiconductors. GaSe 

has a layered structure with weak interlayer coupling of Van der Waals force, which is 

easy to be cleaved from its bulk crystal. A small piece of GaSe crystal is put on a clean 

adhesive tape. Then, refold the tape and press firmly, then the tape is gently unfolded, 

leaving two mirrored areas of GaSe crystals on the tape. This process should be 

repeated for several times until a large portion is no longer shiny, but dark grey. After 

conducting these processes, some micro-scale GaSe flakes can be obtained on the 

adhesive tape. Then, put this area onto SiO2 wafer and press firmly to the tape, 

followed by gently removing the tape. Then some GaSe sheets with different layer 

number can be obtained on the SiO2 wafer. 

These GaSe layers can be observed by using an optical microscope. 300-nm thick 

SiO2 is ideal as a substrate because it allows GaSe nanosheets to be visible with the 
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naked eye under white light, and more importantly, contrast between these nanosheets 

with different thickness is relatively high, as shown in Figure 3.2. The green color 

ones are typically of multilayer. The metal color flakes are generally above 20-layer. 

Further characterization is needed to determine the layer number by atomic force 

microscopy, which will be introduced in the next section. The left part of the green 

sheet in Figure 3.2a is about 5-layer, while the right part is about 7-layer. In Figure  

3.2b, the thinnest green part on the left of the nanosheet is about 3-layer. In the 

vicinity of 3-layer GaSe, 5- and 7-layer nanosheets can be obtained. 

 

Figure 3.2 Optical image of mechanically exfoliated GaSe sheets (a) 5- and 7-layer; 

(b) 3-, 5- and 7-layer on SiO2 substrates.  
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Figure 3.3 Optical image of mechanically exfoliated GaSe sheets (a) 3-layer; (b) 3- 

and 5-layer on transparent glass substrates. 

In our experiments, it is also essential to prepare GaSe layers on transparent glass 

substrate. However, it is more difficult to find GaSe layers on transparent substrates 

compared to those on SiO2/Si substrates. It is also unlikely to determine their layer 

numbers only by the optical microscope. But, the optical contrast still can provide us 

some thickness information. For GaSe on glass, the representative optical images are 

shown in Figure 3.3. The GaSe thin layers exhibit light grey colors. The thinner the 

layers are, the lighter the colors are. As shown in Figure 3.3a, the grey nanosheet in 
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the center is about 5-layer, while the pink and yellow flakes are relatively thick, more 

than 20-layer. In Figure 3.3b, there are two nanosheets with thickness of few-layer: 

the left one is about 3-layer, while the right one is about 5-layer.  

3.2 Structural Characterizations 

3.2.1 Atomic force microscopy 

Atomic force microscopy (AFM) is performed by monitoring the attractive and 

repulsive forces between a probe (tip) and a sample surface. The schematic of AFM 

setup is shown in Figure 3.4. Traditionally, the sample is mounted on a piezo crystal 

and can be moved in the x, y, and z directions using a single piezotube. The tip is 

attached to a cantilever which moves up or down in response to forces of attraction or 

repulsion with the sample surface. A photodetector is employed to detect the 

movement of the cantilever using a laser spot reflected from the top surface of the 

cantilever. When the tip is brought into proximity of a sample surface, a deflection of 

the cantilever can be induced by the forces between the tip and the sample. Typically, 

the deflection is measured by a feedback mechanism which is generally employed to 

adjust the tip-to-sample distance to maintain a certain force between them.  

The AFM can be operated in a number of modes. In general, possible imaging 

modes are divided into static (also called contact) mode and dynamic (non-contact or 

"tapping") mode. Contact AFM can introduce damage to samples and obtain distort 
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image data. Non-contact mode generally provides low resolution image and can also 

be hampered by the contamination. However, tapping AFM is developed to achieve 

high resolution surface image without damage to the samples. Thus, the soft and 

fragile samples can be imaged successfully by tapping mode. In our experiments, 

tapping mode is used to obtain high resolution image without destruction to the 

samples. 

 

Figure 3.4 Schematic of the setup of atomic force microscopy. 

3.2.2 X-ray diffraction 

X-ray diffraction (XRD) is a powerful analytical technique to investigate the 

internal structure of crystals. This technique utilizes the interaction between X-ray and 

the crystalline samples to obtain a diffraction pattern which is distinct, like a 

fingerprint of the sample. When an X-ray beam hits an atom, the electrons around the 
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atom start to oscillate with the same frequency as the incoming beam. If the combining 

waves are out of phase, there is no resultant energy leaving the solid sample. 

Accordingly, no diffraction peak shows up. However, in crystalline materials, the 

atoms are arranged in a regular pattern in a long distance. Some parallel planes can be 

formed inside the crystalline materials. Constructive interference will be induced in 

some directions. We model X-ray reflections from a series of parallel planes inside the 

crystal, as shown in Figure 3.5.  

 

Figure 3.5 Schematics of the work principle of X-ray diffraction. 

The X-ray with wavelength of λ hits atoms in the crystal. The two parallel 

incident X-rays make an angle (θ) with these parallel planes. If the reflective waves 

are in phase, the reflected beam will reach a maximum of intensity. This may happen 

under the condition of the difference between the two paths of the parallel X-ray must 

be an integral number of wavelength (λ). We can express this relationship 
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mathematically in Bragg’s law: 

2d sin (θ) = n λ                                            (3.1) 

where n is an integer and d is the distance between two nearest parallel planes. When 

the difference in path length meets the Bragg’s law, a diffraction peak will arise at 2θ 

when scanning by θ-2θ mode. Based on this, we can get the diffraction pattern. 

According to the pattern, we can directly determine the crystal structure of the sample 

when compared with the standard diffraction pattern. Besides, we can calculate the 

distance between the two parallel planes and determine the crystal direction. 

3.3 Electrical characterizations 

3.3.1 Four-probe measurement system 

In our experiments, the measurements of transport properties of graphene and 

GFETs are performed by using a home-made four-probe measurement station. The 

setup of this system is schematically shown in Figure 3.6. For FETs, there are three 

electrodes of source, drain and gate, which should be connected to the measurement 

system. In this system, Keithley sourcemeters not only serve as the power source to 

provide voltage, but also act as the meter to measure the current. To be more specific, 

the Keithley 2400 and 2410 sourcemeters are used to provide source-drain voltage 

and the gate voltage, respectively. At the same time, both sourcemeters can be 

employed to measure the currents through drain and source as well as gate and 
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source. In addition, a microscope is used in this system to help find nano- and 

micro-scale samples or/and devices. By employing this system, we can obtain the 

source-drain current as a function of the gate voltage as well as the output 

characteristic properties of GFETs. Besides, this system can be used to measure 

temperature-dependent resistance for samples with four-probe configuration with the 

temperature ranging from 15 to 300 K using a cryogenic system (Janis CCS 150SH, 

Wilmington, MA). 

 

Figure 3.6 Setup of four-probe measurement system. 

3.3.2 Solar cell characterization system 

Solar cells are optoelectronic devices that absorb photons from sunlight and then 

release electrons, resulting in an electric current to flow when the cell is connected to a 

load. A solar cell can convert sunlight directly into electricity. Thus, a solar cell 

characterization system needs a light source and an electrical measurement system. 
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The key point is to develop a system for the characterization of the solar cells under 

standard test conditions (so-called STC, i.e., light illumination of air mass 1.5 (AM 

1.5), normalized to 1000 W/m
2
 and 25 ºC. A variety of measurements are used to 

characterize a solar cell’s performance, including its current–voltage curves in dark 

and in light, open-circuit voltage, short-circuit current density and its power 

conversion efficiency. In our experiments, the photovoltaic effects of the devices are 

tested by employing a solar simulator (Thermo Oriel 91192-1000) under conditions of 

AM 1.5 illumination to serve as a light source. The setup of this system is shown in 

Figure 3.7. The current–voltage data is recorded by Keithley 2400 sourcemeter. 

Besides, a probe station is integrated to this system to manipulate small solar cell 

devices and contact the devices to the measurement system. All the electrical 

measurements are performed in air ambient at room temperature. 

 

Figure 3.7 Setup of solar cell measurement system. 
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3.4 Optical Characterizations 

3.4.1 Raman spectroscopy 

Raman spectroscopy is considered an integral part of research for graphene and 

other 2D layered materials. It is used to determine the number and orientation of layers, 

the quality and types of edge, and the effects of perturbations, such as electric and 

magnetic fields, strain, doping, disorder and functional groups. Raman spectroscopy 

utilizes the process of Raman scattering to identify the materials by analyzing the shift 

in wavelength of light scattered by the target material. There are two primary 

scattering types when light strikes the target material, i.e., Rayleigh and Raman 

scattering, as schematically shown in Figure 3.8.  

 
Figure 3.8 Three forms of scattering: Rayleigh scattering, Stokes and anti-Stokes 

Raman scattering. 
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In Rayleigh scattering, a target molecule or atom jumps from the ground energy 

state to a virtual energy state after absorbs a photon from the incident light. Then, the 

molecule comes back down to its original energy state, releasing another photon with 

the same energy as the absorbed incident photon. Therefore, Rayleigh scattering is an 

elastic process. On the other hand, in Raman scattering, when the molecule drops from 

its virtual energy state, it does not drop to its original energy state, but to a state above 

or below its original energy state, so called Stokes or anti-Stokes Raman scattering, 

respectively. Because the energy of the photons is not conserved, Raman scattering is 

an in-elastic scattering. Rayleigh scattering occurs much more often than both Raman 

scattering, and Stokes scattering happens marginally more frequently than anti-Stokes. 

The shift in photon energy of Stokes and anti-Stokes shifts will be the same. Thus, 

Stokes scattering is usually used in Raman spectroscopy due to its marginally higher 

frequency of occurrence compared to anti-Stokes scattering. 

In Raman scattering, the energy removed from or transferred to the photon is 

related to specific phonons, i.e., lattice vibrations of the material. Thus, only certain 

changes in photon energy are possible. These frequency shifts are distinct for 

different materials, implying that measurements of the shift in frequencies can be 

used to identify the material. However, not all modes appear in the Raman spectrum, 

only those that do involve changes in the polarizability of the target molecule or 

atom. 
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3.4.2 Confocal laser scanning microscopy 

Confocal laser scanning microscopy (CLSM) can be used to obtain 

high-resolution optical images with depth selectivity. Three-dimensional optical 

image can be constructed via acquiring signal point-by-point with a computer. One of 

the essential features of confocal microscopy is to acquire in-focus images from 

selected depths. The setup of CLSM is schematically shown in Figure 3.9. In a 

confocal microscope, laser lines with tunable wavelength and power can be chosen as 

the light source. A laser through a light source aperture and then is focused into or on 

the surface of a specimen with a small focal volume. The objective lens can re-collect 

all the emission light, including scattered, reflected and transmitted light as well as any 

fluorescent light. Some portion of the light is separated by a beam splitter. This is a 

filter device that separates the excitation from the emitted light in the fluorescence 

beam path of the microscope. Some fluorescent wavelengths can be selectively passed, 

while the original excitation wavelength will be blocked. Objective lenses are 

designed for specific immersion media such as water, oil, air or glycerol and should 

only be used with the appropriate medium. For multi-fluorescence image acquisition, 

only lenses that are apochromatically corrected should be used. The numerical 

aperture (NA) of an objective lens is a measure of its ability to collect light and resolve 

fine object details. The higher the NA is, the better the resolution of an objective is. 

After passing a pinhole, the light intensity is detected by a photodetector, such as a 
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photomultiplier tube. The corresponding signals are recorded by a computer. The 

out-of-focus light is obstructed, as schematically shown by the dotted grey blue line in 

the setup image. Most of the returning light is blocked by the pinhole, which gives rise 

to sharper images and permits one to obtain images of planes with selective depths. 

Information from different focal planes can be collected through raising or lowering 

the microscope stage or objective lens. Consequently, the computer can generate a 

three-dimensional image by assembling a stack of these two-dimensional images from 

successive focal planes. 

 

Figure 3.9 Setup of confocal laser scanning microscopy. 

3.4.3 Nonlinear optics measurement system 

SHG is detected by a home-made femtosecond (fs) pulse laser system. Generally 

speaking, SHG can be detected by pulse laser with high power intensity. Figure 3.10 

shows the experimental setup of this measurement system. The fundamental pulse 
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with an angular central wavelength of 800 nm and pulse length of 150 fs is obtained 

from a Ti:sapphire laser. The laser power also can be tuned by an optical attenuator. A 

beam splitter is used to split the fundamental laser in two. One half of the incident light 

is reflected to excite the sample and the other half is transmitted to be measured by a 

power meter to determine the laser power. The pulse laser can be tightly focused to a 

spot size of 1μm by a microscope objective lens. The SHG information is collected by 

reflection. A set of color filters is used to block the fundamental and other unwanted 

light. The collected signal is detected by a spectrometer. 

 

Figure 3.10 Experimental setup of the nonlinear optics measurement system.
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Chapter 4   Transport and Vibrational 

Properties of Graphene on PMN-PT 

4.1 Introduction 

Ferroelectric materials have been employed in GFETs by using ferroelectric 

materials as gate dielectrics for memory applications.
119

 The switchable polarization 

(effectively resulting in stored charge) can be utilized as the means of storing 

information, which offers ferroelectrics the opportunity to be as promising nonvolatile 

alternatives. However, fascinating characteristics of GFeFETs have been typically 

ascribed to extrinsic charging effects such as surrounding molecules charge injection 

into interfacial states, and/or trapped charge redistribution at the interface.
27,28

 And 

n-type graphene FETs in air ambient conditions is still desirable. Accordingly, various 

efforts have been devoted to access an n-type graphene.
120,121

 Very recently, graphene 

FETs by PZT gating exhibited a complete conversion of a p-type graphene into n-type 

through ferroelectric polarization reversal.
122

 However, such complete reversal from 

p- to n-type graphene FETs is obtained in vacuum conditions. Furthermore, it is 

reported that large-area graphene can reach a high carrier doping level by organic 

ferroelectric PVDF-TrFE poling, yielding a low sheet resistance in air ambient 

conditions.
123,124

 This makes graphene show potential for the use in conductive and 
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flexible electrodes to substitute traditional transparent ITO. Although some 

approaches have been proposed to reduce resistance of graphene, such as chemical 

doping,
125

 such methods can generally induce the degradation of conductivity of 

chemical-doped graphene
126,127

 by the adsorption of moisture and introducing other 

chemical molecules.
128,129

 In comparison to this chemical approach to reduce the 

resistance of graphene, coupling with ferroelectric can rule out the possibility of 

chemical doping. The graphene hybrid systems with flexible PVDF-TrFE
29,124

 or PZT 

thin film
130

 have ever been investigated, while little studies have been reported about 

other ferroelectric materials. For instance, PMN-PT not only exhibits outstanding 

converse piezoelectric response, but also possesses attractive ferroelectric 

characteristics, suggesting the possibility of practical use for memory devices.
56,57

 

Therefore, it is interesting to investigate the effects of electric field on the transport 

properties of graphene and the expected nonvolatile behaviors of the corresponding 

GFETs by the ferroelectric gating of PMN-PT. 

Large-area single-layer graphene is a gapless semi-metal, which becomes one of 

the major challenges when using graphene-based devices in practical applications.
17 

Accordingly, various efforts have been devoted to access a tunable band gap in 

graphene, such as reducing large area graphene in one dimension to form graphene 

nano-ribbons, applying large bias voltage to bilayer graphene and by strain 

engineering.
32,33

 Among them, strain engineering is proposed to induce a gap in 
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graphene. Typically, large strain in excess of 20% is needed.
34,35

 Nevertheless, strain 

engineering on graphene is very essential to study the fundamental properties of 

graphene. It is very convenient to provide uniaxial strain to graphene by stretching or 

bending the underlying flexible substrate where graphene is transferred. The flexible 

substrates generally are polymers, including polydimethylsiloxane (PDMS),
131

 

PMMA
132

 and polyethylene terephthalate (PET),
133,134

 and so on. Such uniaxial strain 

is typically, for example, not equal in x and y directions, giving rise to the shift of the 

relative positions of the Dirac cones, and further inducing significant influence on the 

double-resonance process of graphene. Thus, the uniaxial strain is not suitable for 

investigating the fundamental properties of graphene, such as Grüneisen 

parameters.
61,62 

Beyond uniaxial strain, another type of homogeneous strain named 

biaxial strain can induce equal deformation in in x and y directions. Therefore, it is 

very interesting to study the strain effects on graphene experimentally by introducing 

biaxial strain into graphene in a controllable manner.  

It has been proven to be feasible to utilize biaxial strain to study the basic 

vibrational properties of graphene.
135,136

 Indeed, Besides, Zabel et al. and Lee et al. 

used graphene balloons on SiO2 substrate to study Raman spectroscopy of graphene 

under biaxial strain and then to calculate Grüneisen parameters and Young modulus, 

respectively.
135,136 

Besides, it is viable to provide biaxial strain to graphene by exerting 

an external electric field to the underlying piezoelectric material.
59
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The ferroelectric PMN-PT is also an excellent material which is capable of 

providing large strain due to its giant electromechanical or converse piezoelectric 

response.
137,138

 In our recent study, both light and ultrasound emissions have been 

observed in a single system of ZnS: Mn/PMN-PT.
139

 The substrate-induced strain as 

well as the piezoelectric potential can dramatically change the interface charge and 

affect the electrical properties of the as-prepared materials. Such piezoelectric strain is 

different from the above mentioned uniaxial strain produced by stretching or bending 

the polymer. It was reported that biaxial strain can induce more remarkable changes in 

band structure compared to unixial one. For example, the dramatic increase in band 

gap and the enhanced PL for trilayer MoS2 under compressive biaxial stran.
140

 

Additionally, previous studies of biaxial strain are mainly focused on the mechanically 

exfoliated graphene. CVD-synthesized graphene are usually large-area and 

continuous, which will be of great interest for industrial scale applications. Therefore, 

it is worth investigating biaxial strain effects on CVD-grown graphene tuned by the 

external voltage applied to the PMN-PT crystal in reversible and real-time manners. 

In this chapter, the graphene layer prepared by CVD method has been directly 

transferred onto PMN-PT substrates to fabricate graphene/PMN-PT hybrid structure. 

This provides us an opportunity to study the transport properties of graphene based on 

GFeFETs. Considering the transport properties of graphene are also 

temperature-dependent, the temperature response of this hybrid system has been 
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analyzed.
141

 Simultaneously, it is worth noting the fact that PMN-PT crystal possesses 

piezoelectric properties. Based on the above mentioned hybrid structure, the PMN-PT 

single crystal also acts as the piezoelectric actuator to exert biaxial strain on the 

graphene. This strategy provides a unique approach to investigate dynamical 

vibrational properties of the graphene via piezoelectric-induced biaxial strain.
142

 

4.2 Experimental 

4.2.1 Fabrication of hybrid structure of graphene/PMN-PT 

Chemical-vapor-deposited SLG on copper foils were transferred onto PMN-PT 

substrates. Before transfer process, oxygen plasma treatment was employed to 

enhance the hydrophilicity of PMN-PT surface, allowing the graphene and underlying 

PMN-PT substrate to form good adhesion. The source and drain electrodes (150 nm 

Au) of graphene/PMN-PT FETs were formed using the predefined shielding mask 

followed by a thermal evaporation process on the top surface of graphene, while gate 

electrode was prepared by Au coating on the backside of the PMN-PT substrate. The 

schematic of the graphene FET by 0.5 mm-thick PMN-PT gating is shown in Figure 

4.1. The channel length and width of the device was 100 μm and 2 mm, respectively. 

For comparison, we also transferred the graphene onto silicon wafers coated with 

300-nm thick SiO2 instead of PMN-PT.   
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Figure 4.1 Schematic of GFET by using PMN-PT as the ferroelectric gating. 

 

Figure 4.2 Schematic of hybrid structure of graphene/PMN-PT by using PMN-PT as a 

piezoelectric actuator. 

Based on above mentioned hybrid structure, note that the resistance of graphene 

is about several kΩ, which is much smaller than that of the underlying PMN-PT. 

Hence, the large-area continuous graphene layer could serve as a top electrode to form 

the parallel plate capacitor when a bias voltage was applied to the PMN-PT. Then, the 

backside of the PMN-PT substrate was coated with Au to form bottom electrode. Thus, 
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a parallel plate capacitor of graphene/PMN-PT/Au was fabricated in order to provide 

electric field to the piezoelectric PMN-PT. Subsequently, 150 nm-thick Au top 

electrodes were deposited directly on the graphene sheet by thermal evaporation for 

the connection between the hybrid structure and the power source. The schematic of 

the hybrid structure is shown in Figure 4.2 with PMN-PT as piezoelectric actuator. 

When a bias voltage is applied on the parallel plate capacitor, a biaxial strain can be 

induced by the piezoelectric PMN-PT and such strain can be used to investigate the 

vibrational properties of the above graphene layer. 

4.2.2 Characterization  

Atomic force microscopy (AFM, DI Nanocope 8) was employed to perform the 

surface morphology characterization for the graphene. The AFM images in 2D and 

3D modes reveal the surface morphology of graphene on PMN-PT substrate, as 

shown in Figure 4.3a and b, respectively. The value of root mean square (RMS) 

roughness for graphene is about 0.435 nm. There are no cracks or slipping for 

graphene in the AFM image, indicating a flat and continuous graphene layer has 

been transferred onto PMN-PT substrate. 
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Figure 4.3 AFM image of graphene on PMN-PT substrate in (a) 2D and (b) 3D mode, 

respectively. 

Graphene layer was detected by Raman spectroscopy (HORIBA, HR800) with 

the excitation wavelength of 488 nm. A 100x objective lens with NA of 0.9 was used 

in the measurement. The Raman mapping image over a 6 μm × 6 μm area for 

graphene feature peaks after transferred onto the PMN-PT substrate is shown in 

Figure 4.4. The most intense features of G and 2D peaks from the graphene layer can 

be clearly observed. The intensity at 2D peak is found to be approximately 2 times of 

that of G peak, indicating that the graphene is single-layer. No defect-related D peak 

can be detected. This confirms the high quality of the transferred graphene and the 

absence of significant defects in the graphene.
143

 Both the AFM and Raman mapping 

image of graphene indicate that a uniform and continuous graphene sheet has been 

transferred onto the PMN-PT substrate with high quality. 
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Figure 4.4 Raman mapping image of graphene feature peaks in the FET channel over a 

6 μm × 6 μm area. 

Four-probe measurement system was empolyed to measure the transport 

properties of graphene in air ambient conditions at room temperature. In this system, 

the Keithley 2400 and 2410 sourcemeters were used to provide source-drain voltage 

and the gate voltage, respectively. Temperature-dependent resistance for the sample 

with four-probe configuration was measured within 15-300 K using a cryogenic 

system (Janis CCS 150SH, Wilmington, MA). Figure 4.5 shows the real image of the 

graphene/PMN-PT FET devices performed by optical microscope. Wire bonding 

technique was employed to connect the source and drain electrodes to the printed 

circuit board (PCB) which can be conveniently connected to the measurement systems. 

Additionally, the polarization hysteresis loop was measured under an ac electric field 
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with 10 Hz using a conventional Sawyer–Tower circuit. 

 

Figure 4.5 The optical image of graphene/PMN-PT FET device in top view. 

High resolution X-ray diffractometer (Rigaku, SmartLab, 9 kW) equipped with a 

Ge (220) 2 bounce monochromator was used to get 2θ scanning patterns of the 

single-crystal PMN-PT. During the XRD and Raman measurements, a Keithley 2410 

sourcemeter was introduced to provide gate voltage for the graphene/PMN-PT hybrid. 

All the above measurements were performed in air ambient at room temperature. 

4.3 Transport properties of graphene/PMN-PT 

FETs 

Next, the transport properties of the GFET by PMN-PT gating are introduced. 

Firstly, the drain current (Ids) is analyzed as a function of the source-drain voltage (Vds) 

as well as the gate voltage (Vg). The output characteristics (Figure 4.6) indicate a 

completely linear behavior with the Vg changed from –100 to 100 V, which is 
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commonly observed for metal/zero-gap-graphene junction, suggesting a good ohmic 

contact between the Au electrode and the graphene sheet. 

 

Figure 4.6 The room temperature output characteristics with the gate voltage changed 

from –100 to 100 V at a step of 25 V. 

Then, Ids is measured as a function of the Vg, as shown in Figure 4.7. The Vds of 

0.5 V is applied while the Vg is swept in a closed loop from +Vgmax to –Vgmax then 

back to +Vgmax, where Vgmax is the maximum sweep Vg. It is clear that the Ids 

gradually decreases as the gate voltage increases from –50 to +50 V, indicating that 

the graphene which is fabricated by CVD and subsequently transferred onto the 

PMN-PT substrate is p-type. The Ids–Vg curves of the graphene/PMN-PT FET show a 

similar pattern as the Vgmax increases up to 100 V. So does the graphene on 

conventional SiO2 wafer, as shown in the inset of Figure 4.7. Our graphene FETs are 
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exposed to air ambient, which are usually observed to be p-type.
144

 It is known that 

the charge concentration of graphene on various types of substrates mainly depends 

on the gate voltage and the capacitance of gate insulator. The doping concentration 

varies in direct ratio to the dielectric constant of the insulator layer, but in inverse 

ratio to the insulator thickness, with the bias voltage being constant. In our 

experiments, the values of both thickness and dielectric constant of PMN-PT (0.5 

mm, ~5000) are much greater compared to SiO2 (300 nm, ~3.9). Thus, electric field 

doping effects on the graphene on PMN-PT and SiO2 are comparable under same 

bias voltage. It is worth noting that the Ids of the graphene on the PMN-PT is about 2 

times larger as that on the SiO2 wafer, suggesting a decrease in resistivity of the 

graphene on the ferroelectric substrate. Subsequently, for the Vgmax higher than 100 V, 

the Ids–Vg curves exhibit anomalous behaviors. There is an abrupt transition at about 

±75 V, resulting in a large memory window which should be very useful for 

graphene/ferroelectric memory applications. Such sharp transition corresponds to the 

dramatic change of Ids from about 1.66 to 9.15 mA and leads to an on/off current 

ratio of about 5.5. When the Vgmax increases further, Ids–Vg characteristics of the 

graphene show a similar loop to that with Vgmax = 150 V. Such Vgmax-independent 

Ids–Vg characteristics might result from the saturation of ferroelectric polarization. 
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Figure 4.7 The Ids–Vg curves of graphene on PMN-PT with Vgmax from 50 to 200 V. 

The inset shows Ids–Vg curves of graphene on 300-nm SiO2. 

To explore the possible correlation between the transport properties of the 

graphene and the ferroelectric properties of the underlying PMN-PT, we measured the 

polarization versus electric field (P–E) hysteresis loop of the graphene/PMN-PT 

hybrid structure as shown in Figure 4.8. The coercive field of the PMN-PT with the 

graphene as electrode is ~200 kV/cm. Accordingly, the coercive voltage is ~100 V for 

the PMN-PT. While, the reversal polarization starts at around 75 V (–75 V) when the 

bias voltage sweeping from negative (positive) voltage, corresponding to the sharp 

transition of Ids when the Vgmax in excess of coercive voltage of 100 V.  
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Figure 4.8 The P–E hysteresis loop of the PMN-PT single crystal with graphene as top 

electrode. The insets show schematic of polarization orientation of PMN-PT under 

different electric field, the bound charges at the top and bottom surface of PMN-PT 

and the hole and electron carriers in the graphene layer also have been schematically 

displayed. 

There are positive (negative) bound charges on the top surface of the PMN-PT 

with an up (down) polarization as schematically shown in the insets of Figure 4.8. 

Furthermore, when the negative bound charge density decreases (from stage i to ii, 

during the sweeping voltage from negative to positive one), the hole carriers in p-type 

graphene decrease, resulting in the lower hole concentration and the reduced Ids. On 

the other hand, when the positive bound charge density decreases, the electron carriers 

in graphene will decrease (from stage iii to iv, during the sweeping voltage from 

positive to negative one). For the p-type graphene, the hole doping level and Ids will be 
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effectively increased.
28,130

 Specifically, at the vicinity of coercive voltage, the 

polarization switching occurs in the PMN-PT and the carriers in the graphene can be 

changed from holes to electrons (or electrons to holes), which can bring about the 

dramatic transition of Ids.  

 

Figure 4.9 Ig–Vg curves of graphene FET with different sweeping direction and 

starting voltage.  

From the above interpretation, it is postulated that the transport behaviors of the 

graphene stem not only from the extrinsic charging effects but also from the coupling 

of the ferroelectric polarization to charge carriers in graphene. To further verify this 

hypothesis, the gate current (Ig) was recorded simultaneously during the measurement 

of drain current as shown in Figure 4.9. The dramatic rise in ׀Ig׀ reaching a maximum 

value at about ׀Vg75 = ׀ V where the reversal of ferroelectric polarization begins for 
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the PMN-PT (as can be seen from Figure 4.8). The polarization reversal can lead to the 

transfer of positive and negative charges in the PMN-PT, giving rise to the increase in 

intrinsic current.  

Figure 4.10 exhibits the first derivative of Ids (        ) with different sweeping 

direction and starting voltage. It is clear that the non-monotonic          curves 

show identical behaviours with the Ig–Vg, implying that the Ids varies precisely during 

the polarization switching. Such an observation of simultaneous rise in ׀Ig׀ with the 

dramatic variation in Ids (        ), can further support the conclusion that the 

polarization reversal is responsible for the sudden rise and drop of Ids. 

 

Figure 4.10 The first derivative of Ids–Vg curves with different sweeping direction 

and starting voltage. 

However, the graphene on the PMN-PT substrate still shows p-type 
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characteristics when the Vgmax changed from 50 to 200 V. Although it is common for 

graphene FETs is p-doped in air ambient at room temperature when considering the 

adsorbed molecules enhancing charge trapping at the interface,
145,146

 v-shape 

behaviors or a reduction in p-doping is expected for graphene FETs by ferroelectric 

gating. In our experiments, such a behavior can be realized via the pre-polarization 

of the PMN-PT substrate by applying a perpendicular electric field to the substrate. 

This approach may result in the electric dipole moments in the PMN-PT substrate 

pointing away from the graphene sheet (down polarization). Prior to the Ids–Vg 

measurements, the PMN-PT substrate has been pre-poled by –500 V for 10 min to 

realize in the down polarization state. After that, the Ids–Vg curves are measured with 

different initial voltage, ad shown in Figure 4.11.  

 

Figure 4.11 Ids–Vg curves of graphene FET by pre-poling and swept from different 
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initial voltage from 100 to 300 V. 

Based on this Ids-Vg curve with Vg starting from 100 V, the excess hole 

concentration (      ) can be calculated as: 

            
    

    
                                             (4.1) 

where,    is the dielectric constant of vacuum,    is the dielectric constant of 

PMN-PT (5000), e is the electronic charge (1.602×10
−19

 C) and dox is the thickness 

of the insulator (0.5 mm for PMN-PT). The excess hole concentration can be 

calculated to be about 6.74 × 10
12

 cm
–2

. Besides, field effect mobility (μe,h) can be 

calculated as: 

            
 

       

    

   
                                        (4.2) 

where L (100 μm) and W (2 mm ) are the length and the width of the FET channel, 

respectively. Cox is the gate oxide capacitance. △Ids/△Vg is the transconductance in 

the linear regime of the Ids-Vg curve. Then the mobility of graphene gated by 

PMN-PT is estimated to be about 4.52 × 10
3
 cm

2
v

–1
s

–1
. For the graphene on SiO2 

substrate, the comparable hole concentration can be derived, while the mobility is 

just about 110 cm
2
v

–1
s

–1
. Similar improvement in the mobility of graphene has also 

been reported for graphene on PZT.
27,30

 

When an initial positive voltage (larger than coercive voltage) is applied to the 

PMN-PT, the dipole moments can be re-oriented (pointing to the graphene layer and 

PMN-PT in the up polarization state). Once such a positive voltage is applied to the 
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PMN-PT in the down polarization state, the reversal of ferroelectric polarization (from 

down to up state) can be obtained in the PMN-PT. The polarization switching can be 

characterized by the sudden drop of Ig at initial sweeping voltage shown in Figure 4.12 

when the Vg starting from 100, 200 or 300 V. The initial high current is resulted mainly 

from the polarization switching. Accordingly, the polarization switching can lead to 

the variation of Ids. As discussed in the text for Figure 4.8, the polarization from down 

to up state can induce the carriers in graphene to change from holes to electrons, 

resulting in a reduction of p-doping for graphene. Then, as the sweeping voltage 

decreases, the electron density and Ids decrease, simultaneously. As a consequence, the 

positive Dirac point shows a left shift to 22 V (or 16 V) when Vgmax = 100 V (or 300 V). 

And the larger initial voltage can lead to a smaller Dirac point. This may be caused by 

the absolute polarization reversal for the PMN-PT under bias voltage larger than 

coercive voltage. This Dirac value is relatively small considering the thickness of 

PMN-PT (0.5 mm). After that, the Ids increases dramatically due to the reversal of 

polarization corresponding to the sharp change of Ig at about –25 V. Figure 4.13 

exhibits the first derivative of Ids, showing identical curve of Ig–Vg. The polarization 

reversal gives rise to the sudden change of Ig at the initial period of sweeping and 

around –25 V, where Ids changes quickly. This result further verifies the 

pre-polarization and polarization reversal of ferroelectric PMN-PT play an important 

role in the Ids behaviors and the improvement in the mobility of graphene. 
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Figure 4.12 The Ig–Vg curves measured after pre-poling PMN-PT by a bias of –500 V 

for 10 min and swept from different initial voltage. 

 

Figure 4.13 The first derivative of Ig–Vg curves with initial voltage of 100, 200 and 

300 V after pre-poling PMN-PT. 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 4 

JIE Wenjing  74 

The temperature-dependent resistivity in suspended graphene sheets increases 

linearly with temperature from 50 to 240 K with the carrier density tuned to finite 

values by an applied gate voltage.
147,148

 Typically, it is agreed that the carrier mobility 

in suspended graphene is governed by out-of-plane flexural phonons. On the other 

hand, for non-suspended graphene (placed on a substrate), the temperature 

characteristics is affected not only by the quasi-periodic nano ripples in CVD 

graphene,
27

 and the substrate induced optical phonon scattering,
28,29

 but also by the 

electron–acoustic phonon scattering.
30,31

 However, the T-dependent behaviors exhibit 

a strong dependence on the substrate.
32

 While, few studies have been reported on the 

temperature response of the behaviors for graphene on ferroelectrics. Only graphene 

on PZT thin film was characterized as a function of temperature until now.
30

 So it is 

essential to study the T dependent properties of graphene on PMN-PT substrate. 

Figure 4.14 shows the sheet resistance Rs (Vg, T) of graphene on PMN-PT substrate 

versus temperature T from 15 to 290 K, with different gate voltage applied to the 

substrate. Similarly to graphene on SiO2 and PZT, graphene on PMN-PT shows an 

increased trend as the temperature increases to 290 K, indicating a metallic character 

rather than a semiconductor one. The metallic characteristics of graphene can be 

obtained at high doping level due to the etching and transfer processes where heavy 

chemical doping is introduced. 
53

 It is also noted that, without bias voltage, the Rs 

exhibits a nearly linear rise at temperatures above ~150 K, while there are fluctuations 
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for Rs at low temperature. The fluctuated Rs without bias voltage mainly caused by 

carrier-density inhomogeneity induced by the potential of charged impurities for low 

charge-carrier densities.
153,154

 Graphene on SiO2 also shows fluctuated resistivity at 

low temperature with low carrier density.
155,156

  

 

Figure 4.14 Temperature dependence of the sheet resistance for graphene on PMN-PT 

substrate tuned by the voltages of 100, 0 –100 V, respectively. 

By tuning the gate voltage to control the carrier density, the resistance of the 

graphene was investigated as a function of temperature with different carrier density. 

For the graphene under ±100 V, the Rs is linearly increased when the temperatures are 

above ~120 K, and below 120 K, Rs still shows a linear increase with a relative low 
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slope (compared with higher temperature). In our experiment, the resistance shows 

strong dependence on the bias voltage (carrier density), i.e. the linear increases of Rs 

exhibit different slopes under different bias voltages. For a positive bias voltage, the Rs 

has large slope compared to zero and negative voltage biased graphene, but in contrast, 

weak temperature dependence is observed for a negative bias voltage. The change rate 

of the Rs under the -100 V bias is not in excess of 10% from 15 to 290 K as shown in 

Figure 4.15.  

 

Figure 4.15 The change rate of sheet resistance as a function of temperature under 

different bias voltage. 
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4.4 The biaxial strain effects on Raman spectra of 

graphene 

 

Figure 4.16 Raman spectrum of SLG graphene on PMN-PT substrate with feature 

peaks of G and 2D mode. 

The Raman spectrum of graphene on the PMN-PT substrate is shown in Figure 

4.16. Prior to the measurements of vibrational properties of graphene under strain, we 

positively polarized the PMN-PT substrate by applying an electric field of 10 kV/cm 

to the substrate, resulting in the electric dipole moments in the PMN-PT substrate 

pointing towards the graphene sheet. The most intense features of G and 2D peaks, 

corresponding to the doubly degenerate E2g phonon at the Brillouin zone center and 

the second order of the D peak respectively, can be clearly observed. A symmetric and 

sharp 2D peak lies at about 2700 cm
–1

, with full-width-at-half maximum (FWHM) of 
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about 40 cm
–1

. The intensity of the 2D peak is found to be approximately 2 times of 

that of the G peak, indicating that the graphene is single-layer.
143

 No defect-related D 

peak is observed, confirming the absence of significant defects in the graphene sheet. 

 
Figure 4.17 Raman spectra mapping images of feature peaks of graphene before (a) 

and after (b) the voltage (500 V) is applied to the PMN-PT substrate. 

The mapping images of Raman spectra in terms of both position and intensity 

from graphene feature peaks are obtained before and after the strain is applied to the 

graphene, as shown in Figure 4.17a and b, respectively. The defect-related D band is 

still invisible after removing the strain, which rules out the possibility of slipping or 

buckling after strain is applied to graphene sheet. Figure 4.18 shows the 

two-dimensional Raman mapping of 2D band intensity of graphene. The mapping 
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images reveal a uniform and continuous graphene flake has been transferred onto the 

PMN-PT. 

 
Figure 4.18 Two-dimensional Raman mapping image of 2D band intensity over a 6 

μm × 6 μm area of graphene on PMN-PT substrate. 

To fully understand the strain arising from the underlying substrate, XRD 

technique was used to analyze the lattice deformation of PMN-PT. As shown in Figure 

4.19, the (002) diffraction peak of PMN-PT shows a visible shift when the hybrid 

structure is applied by dc voltages, and more importantly, with increasing the applied 

voltage, the (002) peak shifts towards lower angles. The inset of Figure 4.19 shows the 

position of (002) peak of PMN-PT as a function of the applied voltage. Evidently, the 

PMN-PT substrate can produce out-of-plane tensile strain. In other words, the in-plane 

strain is compressive. According to the Bragg’s law and Poisson ratio, the in-plane 

strain can be calculated.
157

. The substrate-induced strain has a linear dependence on 
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the bias voltage with a slope of –0.04% per 100 V.  

 

Figure 4.19 The PMN-PT (002) peaks of XRD 2θ scanning patterns with bias voltage 

changed from 0 to 600 V. The position of (002) peak at different voltage is shown in 

the inset. 

Figure 4.20 shows the 2D peaks of the graphene shift to higher frequency as the 

applied voltage increases from 100 to 600 V. This shift in Raman peak is usually 

caused by the distortion of the graphene lattice, which can alter the vibrational 

properties of the phonons within the lattice. The 2D band shift (    ) is exhibited as 

a function of the applied strain in the inset of Figure 4.20. Typically, compressive 

biaxial strain leads to a phonon hardening (blue shift) for single-crystal graphene, 

while tension leads to phonon softening (red-shift).
59,135

 In our experiments, the 2D 

peaks show blue-shifted characteristics under compressive strain, which is consistent 
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with mechanically exfoliated graphene. 

 

Figure 4.20 2D peaks of graphene under different bias voltage varied from 0 to 600 V. 

Inset shows the shift of 2D band as a function of voltage. 

Negative voltages also give rise to the left shifts of (002) peaks in the XRD 

patterns shown in Figure 4.21. The left shifts of the diffraction peak under negative 

bias voltage indicate a compressive strain is produced, which is consisted with 

previous reports.
158,159

. Similarly to the positive bias voltage, such compressive strain 

also gives rise to the blue shifts of 2D Raman band. As shown in Figure 4.22, the 2D 

band exhibits blue shifts from 2703 gradually to 2714 cm
–1

 when the bias voltage 

changed from 0 to –500 V.   
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Figure 4.21 The PMN-PT (002) peaks of XRD 2θ scanning patterns with bias voltage 

changed from 0 to –500 V. 

 

Figure 4.22 The Raman spectra of graphene 2D peaks with bias voltage varied from 0 

to –500 V. 
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The 2D peaks of the graphene flake shift to higher frequency as the applied 

voltage increases, as shown in Figure 4.23. However, both the intensity and the 

FWHM of 2D peak show weak dependence on the applied voltage. In fact, the 

positions of Raman feature peaks are also carrier dependent. Earlier studies reported 

that carrier doping can usually lead to the decrease in intensity of 2D band and line 

broadening in 2D peak, accompanied by the low ratio (usually less than 1) of 

         (     is the shift of 2D band frequency, while     is the shift of G 

band) 
160

. As shown in Figures 4.20 and 4.22, the 2D peaks of the graphene show a 

blue shift as the applied voltage increases, while both the intensity and the FWHM of 

2D peak show weak dependence on the applied voltage.  

 

Figure 4.23 The voltage-dependent 2D peak position with bias voltage varied from 

–500 to 600 V. 
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In addition, 2D peak shift is over 2 times more than G peak shift under the same 

bias voltage, as shown in Figure 4.24. Furthermore, the position of the 2D peak 

calculated through density functional theory (DFT) framework does not change much 

even at high hole doping level (hole density of 10
13 

cm
–2

). In fact, the carrier 

concentration is relatively low considering the thickness of PMN-PT is 0.5 mm. 

Besides that, the 2D band position shows a V-shape curve as a function of the bias 

voltage in our experiments as shown in Figure 4.23, which is in conflict with the 2D 

band shift behaviors induced by carrier doping. Generally, the decrease in intensity 

and line broadening in 2D peak were caused by such carrier doping and the ratio of 

         is usually less than 1.
160

 Thus, the bias voltage-dependence of the 2D 

peak in our experiment mainly arises from substrate-induced compressive strain. 

 

Figure 4.24 Raman spectra of G and 2D peaks for graphene under different bias 
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voltage. The inset shows the bias voltage dependent G band shift. 

As shown in Figure 4.20, the 2D peak shifts towards higher frequency by about 

1.5 cm
–1

 because of the in-plane strain induced by a bias voltage of 100 V. Then, by 

using the Grüneisen parameter ( ), we can estimate the strain applied to the graphene. 

The Grüneisen parameter is defined as: 

                                                                 (4.3)                                     

where    and ω are Raman frequencies at zero strain and finite biaxial strain, 

respectively. ε is the biaxial strain. Here, the Δω can be expressed as: 

                                                                    (4.4)                                          

In this work, the CVD-grown graphene is polycrystalline, and its mechanical 

properties are different from those of the single-crystal graphene because of the former 

consisting of grain boundaries.
161,162

 Theoretical analysis indicates that strain is 

distributed homogenously inside polycrystalline graphene grains while strain is 

increased in the grain boundaries. However, the 2D band is affected only by strain 

inside of the grains.
163

 Thus, the Grüneisen parameter for 2D band derived from 

mechanically exfoliated graphene can be applied to the CVD-grown polycrystalline 

graphene.
164

 We take the Grüneisen parameter for 2D band derived from the shift of 

Raman peak by Zabel et al to be 2.6 ± 5%.
59,135

 This value is in good agreement with 

the Grüneisen parameter (2.7) calculated from first principles by Mohiuddin et al.
61 

 

Herein, we obtain the actual strain applied to the graphene to be about – 0.011% per 
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100 V bias voltage (or 2D peak shift to be about 1.5 cm
–1

 per biaxial strain of 

–0.011%). And this strain is the homogenous strain distributed inside the grains. 

Unfortunately, such strain magnitude is much smaller than that of the PMN-PT 

(–0.04%) based on the aforementioned XRD result. It suggests that the 

piezoelectric-induced in-plane strain might have not been completely transferred to 

the graphene sheet. This may be attributed to the extremely high stiffness of graphene 

and the inefficient interfacial strain transfer.
164

 Graphene has been reported to be one 

of the strongest materials ever tested with a Young’s modulus (stiffness) more than 1 

TPa.
165 

Another possible cause for this behaviour is that graphene prepared by CVD 

can be introduced a certain compressive strain because of the wrinkles produced in the 

growth procedure.
131,134 

Such growth-induced strain may make the subsequent 

compressive stress difficult to be introduced to the graphene. Herein, we deduce that 

the piezoelectric PMN-PT substrate can produce in-plane strain under a bias voltage, 

while, only small part of such strain is exerted on the graphene.  

Next, we measured the 2D band of Raman frequency during the retention of Vg = 

400 V as shown in Figure 4.25. Obviously, there is a continuous blue shift when the 

voltage is kept for longer duration. The 2D peak shifts towards higher frequency by 6 

cm
–1

 as the gate voltage is applied to the hybrid system. After the immediate blue shift, 

2D peak shifts steadily to higher frequency with a further shift of about 4 cm
–1

. Then, 

after about 60 min, the shift is saturated.  
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Figure 4.25 Raman spectra of graphene during the retention of the applied voltage of 

400 V. For comparison, the Raman spectrum without bias voltage is presented. 

 

Figure 4.26 The 2D peak shift as a function of time during the retention of the applied 

external electric field. 
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As shown in Figure 4.26, the evolution of the 2D peak shift can be divided into 

three regions as I, II, and III, which correspond to jumping, steadily increased and 

saturated states, respectively. This experimental result implies that the 

PMN-PT-induced in-plane strain indeed results in a time-dependent strain to graphene. 

Based on the 2D Raman peak shift, the strain introduced to the graphene can be 

calculated. The voltage of 400 V initially corresponds to –0.043% biaxial strain, after 

further deformation, finally introduces a strain of –0.071% to the graphene. That is the 

compressive strain applied to the graphene by the PMN-PT is time-dependent. 

 

Figure 4.27 Time-dependent XRD 2θ scanning patterns for PMN-PT during the 

retention of 400 V bias voltage. 

The PMN-PT under a bias voltage was measured by the XRD technique, as 

shown in Figure 4.27. The position of (002) peak is time-independent when the bias 
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voltage keeps constant, which implies that the strain provided by the underlying 

substrate remains constant. 

However, the strain exerted on the graphene is time-dependent. One possible 

reason for such unique behavior could be the different strain distribution between 

grains and grain boundaries. It is reported that grain boundaries can reduce the 

stiffness of graphene. As a consequence, strain in grain boundaries is larger than that 

inside grains.
35,36

 Therefore, the larger strain in grain boundaries would be likely to 

introduce the additional increase of strain inside the grains. Although such anomalous 

behavior is elusive to understand, reproducible experimental results still exhibit the 

time-dependent Raman shift. Also, it is reported that buckling or slipping of the 

graphene may occur if strain energy is greater than the adhesion between graphene and 

the substrate.
166

 However, in our experiment, the biaxial strain applied to the graphene 

is provided by the piezoelectric PMN-PT. And such strain is very small (much less 

than 0.1%) and cannot induce the slipping of graphene. Raman mapping images reveal 

a uniform and continuous graphene before and after the strain is applied to the 

graphene, which rules out the possibility of slipping. 

4.5 Summary 

In summary, we present the transport and vibrational properties of the graphene 

based on the hybrid structure of graphene/PMN-PT. The graphene/PMN-PT FETs 
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show p-type behaviors and exhibit a large memory window in contrast to conventional 

graphene/SiO2 FETs. The on/off ratio, field effect mobility and excess hole 

concentration are calculated to be about 5.5, 4.52 × 10
3
 cm

2
v

–1
s

–1
 and 6.74 × 10

12
 cm

–2
, 

respectively. A reduction in p-doping for graphene FETs can be obtained through 

pre-polarization of PMN-PT substrate. The observation of simultaneous rise in gate 

current with the dramatic transition in drain current suggested that the coupling of the 

ferroelectric polarization to the charge carriers in graphene can dramatically affect the 

transport behaviors of graphene. Temperature-dependent Rs of graphene exhibits a 

metallic behavior and the Rs of graphene on the PMN-PT substrate can be reduced to 

about 1.25 kΩ/sq. On the other hand, PMN-PT serves as an actuator to provide 

controllable biaxial strain to the above CVD-grown graphene layer. The PMN-PT 

substrate could impose impressive strain to graphene and result in a blue shift in the 

Raman G and 2D bands. The actual biaxial strain exerted on the graphene can be 

calculated according to the shifts of feature peaks. And such strain is much smaller 

than that of PMN-PT provided calculated from the XRD. After the initial response to 

the applied voltage, a continuous blue shift can be detected during the retention of bias 

voltage. The time-dependent Raman shift could be ascribed to the different strain 

distribution in CVD-grown graphene.
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Chapter 5   Photovoltaic Properties of 

Graphene/GaAs Solar Cells 

5.1 Introduction  

Due to the unique properties of high optical transmittance, mechanical flexible 

and fascinating electric characteristics (i.e. low resistivity, ultra-high mobility, 

near-zero band gap etc.),
167,168

 graphene has been widely investigated in some 

optoelectronic devices.
169–171

 Also, graphene has been regarded as one of the 

promising materials for applications in the photovoltaic devices,
172

 especially as 

transparent electrodes.
173

 Actually, any semiconductor can form a Schottky junction 

with a certain metal if the difference between their work functions is large enough, and 

the carrier density of the semiconductor is moderate.
71

 It is very interesting that 

graphene can serve as such metal in the MS junction, and such junction is capable of 

exhibiting photovoltaic behaviors, which has been well described in Chapter 2. Due 

to the difference of the work-function between graphene and the semiconductor, a 

build-in potential is generated in the semiconductor adjacent to the Schottky junction 

interface. Under the illumination, the photon-generated carriers can be separated and 

then transferred to the electrodes, yielding photovoltaic effects from such junction 
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devices. In such Schottky junction solar cells, Si generally plays the part of 

semiconductor, while, other materials are seldom investigated in the junctions. As we 

all know, in comparison with Si, GaAs has the merits of high electron mobility and 

direct band gap, allowing GaAs-based devices to function at high frequencies and be 

efficient in light emitting devices. Both of the two merits are very important in 

optoelectronic devices. As a consequence, GaAs is a traditional semiconductor in 

photovoltaic devices and shows superb performance. So, it is interesting to 

investigate the graphene/GaAs heterojunction. In this chapter, 

chemical-vapor-deposited graphene sheets have been transferred onto n-type and 

p-type GaAs (n- and p-GaAs) substrates. The contact behaviors, rectifying 

characteristics and photovoltaic effects of graphene/GaAs heterojunctions have been 

systematically investigated.
94

  

5.2 Experimental 

5.2.1 Fabrication of graphene/GaAs junction solar cells  

Single-layer graphene (SLG) and bilayer graphene (BLG) flakes were prepared 

on Cu foils through CVD method. The graphene/GaAs hetero-junctions were 

fabricated by transferring the graphene sheets onto n- or p-GaAs substrates by 

standard transfer process. Figure 5.1 shows the schematic of the graphene/GaAs 

junction soalr cell. Before transferring graphene, low-resistance Au contacts were 
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grown on the back side of the GaAs by thermal evaporation. Then, a 200-nm SiO2 

layer was deposited on GaAs substrate by magnetron sputtering at 400 K using a 

defined mask to form a GaAs channel with a width of 1 mm which will be used to 

contact with graphene.  

 
Figure 5.1 The schematic of Ag/graphene/GaAs/Au hybrid system with SiO2 as an 

insulating layer. 

After the growth of SiO2 layer, SLG and BLG flakes were respectively 

transferred onto n-GaAs (p-GaAs) substrates with the resistivity of 1.2 ~ 1.6 × 10
3
 

Ωcm (3.2 ~ 3.4 × 10
2
 Ωcm). In our experiments, the 200-nm SiO2 serves as an 

insulator layer which will prevent the direct contact of metal (the top Ag electrode) 

with semiconductor (the GaAs substrate) due to the existing holes and/or 

discontinuity in CVD-grown graphene. There are inevitably a few holes existing in 
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one-atom thick SLG formed during the growth or transferring process. Through this 

process, we can rule out the possibility of Ag/GaAs contact and conclude the M/S 

contact is graphene/GaAs. Thus, an insulating layer of SiO2 is essential in this 

Schottky junction solar cell. 

 
Figure 5.2 The real image of the graphene/GaAs Schottky junction solar cells on one 

GaAs chip. 

Figure 5.2 shows the real image of two pieces of graphene sheets after 

transferred onto the GaAs substrate (10 mm × 10 mm × 0.5 mm) to form two 

individual solar cell devices. The graphene layers could be combined with the 

underlying GaAs channel to form a junction with the contact area of about 1 mm × 1 

mm. Owing to its good mechanical properties, the graphene sheet could be continuous 

(at least electrically continuous) across the patterned steps between the SiO2 layers 

and GaAs channel. Baking was then performed at 110 °C for 20 min to achieve tight 

adhesion between the graphene and the GaAs. Then, silver paste was employed to 
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serve as top electrodes on graphene where the underlying layer is SiO2 insulator 

rather than GaAs. The Aluminum wire is used to connect the Ag top electrodes to the 

measurement systems. 

5.2.2 Characterization 

 

Figure 5.3 Atomic Force Microscopy images of (a) GaAs substrate; (b)SLG on GaAs 

the substrate. 

The surface morphology of the GaAs substrate and the graphene was 

characterized by AFM (DI Nanocope 8). The AFM image of the GaAs substrate 

(Figure 5.3a) demonstrates its very smooth surface (with the RMS roughness of 0.195 

nm), providing good mechanical support to the above graphene layers. Figure 5.3b 

shows the surface morphology of the SLG sheet transferred onto the GaAs substrate 

with the RMS roughness of 0.482 nm. There are wrinkles in the SLG sheet on GaAs 
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substrates, which are also inevitable in CVD-grown graphene sheets after being 

transferred onto SiO2 substrates.  

The BLG sheet without cracks is shown in Figure 5.4a, suggesting a continuous 

and uniform graphene sheet has been transferred onto the GaAs substrate. Similarly to 

SLG, the wrinkles are also inevitable in BLG on GaAs, as shown in Figure 5.4b. 

Although there are wrinkles in the graphene layer, the flat SLG and BLG sheets can be 

obtained on the GaAs substrates. This is also essential to the fabrication of 

graphene/GaAs junction solar cell. 

 
Figure 5.4 AFM images of BLG on GaAs substrates. (a) A uniform graphene sheet 

without winkles; (b) winkles on graphene. 

The graphene flakes on Cu and GaAs substrates were characterized by Raman 

spectroscopy (HORIBA, HR800) with the excitation wavelength of 488 nm and the 

laser spot size of about 1 μm. Figure 5.5 shows the typical Raman spectra of the SLG 
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and BLG on Cu foils. After the graphene sheets were transferred onto the GaAs 

substrates, their Raman spectra were measured which are shown in Figure 5.6. The 

most intense features, the G and 2D peaks, can be clearly observed in all Raman 

spectra. For the graphene on GaAs, sharp 2D peak lies at about 2682 cm
–1

 (2689 cm
–1

) 

with full-width-at-half maximum (FWHM) of about 46 cm
–1

 (54 cm
–1

) for single-layer 

(bilayer) graphene. Considering the 2D peak is relatively intense (approximately 2 

times the height of G peak) and the feature peaks are slightly red-shifted (in 

comparison with the other Raman spectrum), we can conclude that single- and bilayer 

graphene sheets are successfully transferred onto GaAs substrates, respectively. No 

defect-related D peak is detected, confirming the absence of significant defects in the 

graphene sheets. 

 

Figure 5.5 The Raman spectra of SLG and BLG on Cu foils. 
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Figure 5.6 Raman spectra of SLG and BLG measured after transferred onto GaAs 

substrates. 

 

Figure 5.7 Raman spectrum of GaAs substrate. The inset shows the Raman spectra of 

bilayer graphene after transferred onto the GaAs substrate. 
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It should be noted that the steps in the Raman spectra of the graphene/GaAs, as 

shown in Figure 5.7, result from the underlying GaAs substrate. They also appear in 

the Raman spectrum of GaAs substrate without graphene layer. So, such steps are 

detected in the Raman spectrum of graphene after transferred onto the GaAs substrate. 

The corresponding Raman spectrum of bilayer graphene on the GaAs substrate is also 

shown in the inset of Figure 5.7 for comparison.  

The current–voltage (I–V) data of the devices were recorded using a Keithley 

2400 sourcemeter. The forward bias was defined as the case where positive voltage 

was applied to the graphene. The photovoltaic effects of the devices were tested with a 

solar simulator (Thermo Oriel 91192-1000) under conditions of AM 1.5 illumination. 

All the above measurements were performed in air ambient at room temperature. 

5.3 The electrical properties of graphene/p-GaAs 

heterojunction 

The contact behaviors between SLG and Ag electrode were firstly studied. The 

measurement system is schematically shown in Figure 5.8. This strategy not only 

enables us to measure the contact behaviors between graphene and the Ag electrode, 

but also provides us the opportunity to characterize the continuity of graphene after 

transferred onto GaAs substrate with a SiO2-step.  
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Figure 5.8 Schematic of current measurement of Ag/graphene/Ag hybrid system for 

graphene on the GaAs substrate. 

 

Figure 5.9 The current between two Ag electrodes as a function of the applied 

voltage from –1 to 1 V. Inset shows the linear curve with the applied voltage ranging 

from –5 to 5 V. 

A good Ohmic contact is formed between the top electrodes and the graphene, as 

shown in Figure 5.9. The current shows linear relationship on the applied bias 

voltage. Even when the applied bias voltage reached 5 V, the linear and symmetric I–V 

curve can still be obtained, as shown in the inset of Figure 5.9. The symmetric I–V 
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curve not only indicates a good Ohmic contact between graphene and Ag, but also 

suggests a continuous graphene sheets through the SiO2 step with height of about 

200 nm. 

The dark and light current density–voltage (J–V) curves of the BLG/p-GaAs 

hybrid system are shown in Figure 5.10. A nearly linear J–V curve indicates that an 

Ohmic contact is obtained between graphene and p-GaAs. The illumination still gives 

rise to the linear J–V characteristics. And the current density keeps almost unchanged 

after illumination. The doping concentration of p-GaAs is in the range of 4.81~4.87 × 

10
17 

cm
–3

. The Fermi level (EF) of n-GaAs can be calculated according to the equation: 

                                                               (5.1) 

where Ei is the intrinsic Fermi level, showing where the Fermi level would be for the 

material to be neutrally doped, Ei = 4.785 eV, and     is the energy difference 

between Ei and EF.     can be expressed as the following equation: 

                                                                                                             (5.2) 

where k is the Boltzmann constant, T is the absolute temperature, Nd is the real 

doping concentration, and ni is the doping concentration
 
when the Fermi level located 

at Ei. For GaAs, ni = 1.8 ×10
6 

cm
–3

. Then, we can obtain the Fermi level, i.e., the 

work function, of p-type GaAs (Φp-GaAs) is about 5.45 eV. 

  In principle, there should be a Schottky barrier between graphene and such p-type 

semiconductor considering the higher work function of p-GaAs than that of the 

graphene ΦG (4.8~5.0 eV). However, the dark J–V curve exhibits Ohmic 
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characteristics. This can be attributed to the p-type character of semimetal graphene in 

air ambient at room temperature.
144

 Thus, a resistance in series (including contact 

resistance between graphene and p-GaAs, and the contact resistance between p-GaAs 

and gold electrode, as well as the resistance of p-GaAs itself) is actually measured. For 

this resistance in series, the J–V curve should keeps almost unchanged under 

illumination. 

 

Figure 5.10 Dark and light current density–voltage curves of the heterojunction of 

bilayer graphene and p-GaAs. 
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Figure 5.11 Dark and light current density–voltage curves of the heterojunction of 

SLG and p-GaAs. 

For the SLG/p-GaAs heterojunctions, almost same linear J–V behaviors can be 

obtained, as shown in Figure 5.11, which can further indicate that the CVD-grown 

graphene can form Ohmic contact with the p-type GaAs.  

5.4 The photovoltaic properties of 

graphene/n-GaAs heterojunction 

In the following, the contact behaviors of graphene/n-GaAs will is addressed. 

The J–V curves of SLG/n-GaAs junctions in dark and light are shown in Figure 5.12. 

For n-GaAs, the doping concentration is about 5 × 10
17 

cm
–3

, the work function of 

n-type GaAs (Φn-GaAs) can be calculated (~4.11 eV) according to Equations 5.1 and 
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5.2. A Schottky junction should be formed due to the large work function difference 

between graphene and n-GaAs. The dark J–V curve of SLG/n-GaAs junction solar 

cell shows rectifying characteristics with a rectification ratio of about 24 at ± 1 V, 

suggesting a Schottky junction is formed between the SLG and n-GaAs. When 

measured under conditions of AM 1.5 illumination, the short-circuit current density 

(Jsc) and open-circuit voltage (Voc) for SLG-based solar cell is 6.43 mA/cm
2
 and 0.62 

V, respectively. This gives rise to a PCE of 1.09 % with the fill factor (FF) of about 

0.27, as shown in Figure 5.12. Herein, it is believed that graphene can combine with 

n-GaAs to form a Schottly junction and yield photovoltaic effects under illumination.
 

 

Figure 5.12 Dark and light current density–voltage curves of the heterojunction of  

SLG/n-GaAs. 

For BLG on n-GaAs, the dark J–V curve exhibits enhanced rectifying 
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characteristics with a rectification ratio of about 43 at ±1 V, as shown in Figure 5.13 

Accordingly, the BLG-based Schottky junction shows superior photovoltaic effects to 

SLG. Not only the Jsc and Voc are improved to 10.03 mA/cm
2
 and 0.65 V, respectively, 

but also a higher PCE of 1.95 % and fill factor of 0.30 can be obtained. Such 

BLG/n-GaAs solar cell shows a PCE value comparable to that of other pristine 

graphene/semiconductor (such as Si, CdS and CdSe.) junction-based ones. Besides, 

the PCE value is maintained over a period of more than six months, exhibiting 

excellent stability. Also, it should be noted that the graphene/n-GaAs herterojunction 

solar cells exhibit a relatively large Voc compared to their other semiconductor 

counterparts (with a Voc usually not in excess of 0.6 V). 

 

Figure 5.13 Dark and light current density–voltage curves of the heterojunction of 

BLG/n-GaAs. 
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Figure 5.14 The energy band diagram of graphene/n-GaAs Schottky junction solar 

cell at the interface under illumination. EC, EV, EF correspond to the conduction band 

edge, valence band edge, and Fermi level of n-GaAs, respectively. Eg stands for the 

energy gap. 

 

Table 5.1 The photovoltaic behaviors of SLG and BLG Schottky junction solar cells. 

Cell device Jsc (mA/cm
2
) Voc (V)          PCE (%) FF 

SLG 6.43 0.62 1.09 0.27 

BLG S1 10.03 0.65 1.95 0.30 

BLG S2 8.43 0.65 1.66 0.30 

 

Table 5.1 exhibits the specific photovoltaic parameters of one SLG and two 

BLG (S1 and S2) based Schottky junction solar cells. It is clear that BLG-based solar 

cells show better performance compared to SLG/n-GaAs junction solar cell. In theory, 
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the graphene layer not only serves as a transparent electrode for the junction solar cell, 

but also contributes to carrier separation and transport. To understand the underlying 

mechanism of the contacts of graphene/GaAs qualitatively, the energy band diagram 

of the junction is plotted (Figure 5.14). Theoretically, any semiconductor with electron 

affinity (χ = 4.07 eV) lower than the work function of the metal can create an M/S 

diode with Schottky-barrier height (Φb = ΦG – χ), giving rise to the rectification 

behaviors of the junction. Considering the graphene/n-GaAs junction, a build-in 

potential (eVi = ΦG – Φn-GaAs) is generated in n-GaAs adjacent to the Schottky junction 

interface due to the difference in the work functions of graphene and n-GaAs. A 

space-charge region is formed accompanied by the build-in voltage (Vi) in the 

semiconductor near the interface. Under illumination, the carriers (electron and hole) 

generated by photons can be separated by the build-in electric field, yielding 

photovoltaic effects from such junction devices. Reproducible measurement results 

can be obtained when we characterize the similar junction devices of 

graphene/n-GaAs, which indicates a Schottky junction solar cell can be fabricated by 

transferring graphene onto an n-GaAs substrate. 

It is well known that Schottky diodes are expected to pass current in the forward 

bias (when the graphene layer is positively biased) while becoming highly resistive 

in the reverse bias (when the semiconductor is positively biased). Such rectifying 

behavior of M/S junction attributed to the Schottky barrier at the interface is well 
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described by thermionic-emission theory and can be expressed as: 

                     
  

    
                                      (5.3)                                                                                   

where Js is the reverse saturation current density, e is the electronic charge, n is the 

diode ideality factor, kB is the Boltzmann constant, T is the absolute temperature. For 

an ideal diode, n = 1. While, for a non-ideal diode, n > 1.  

 

Figure 5.15 Linear fit to the ln(|J|)–V curve of SLG/n-GaAs and BLG/n-GaAs 

Schottky junction. 

A nearly linear fit to the ln(|J|)–V curves of both SLG- and BLG-based Schottky 

junctions can be obtained in the range of 0.2 to 0.7 V (as shown in Figure 5.15). 

According to the slope of the fitting line, we can deduce the diode ideality factor of 

4.03 and 2.43 for SLG- and BLG-based Schottky junction, respectively. Additionally, 

Js can be described as: 
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                                       (5.4) 

where A* is the effective Richardson’s constant of GaAs.
174

 Then, the 

Schottky-barrier height can be calculated to be about 0.68 and 0.75 eV for SLG- and 

BLG-based Schottky junction, respectively. These values agree well with the 

difference between ΦG and χ. 

Furthermore, series resistance Rs of the diode can be extracted by plotting the 

line of dV/dlnI vs. I as shown in Figure 5.16. The slope of the linear fitting to the 

curves gives rise to Rs of 40.5 Ω (20.1 Ω) for SLG (BLG) diode with the contact area 

of about 0.01 cm
2
 according to Equation 5.5.  

                  
        

    
                                          (5.5)                                                            

 

Figure 5.16 Linear fit to the line of dV/dlnI vs. I for SLG/n-GaAs and BLG/n-GaAs 

Schottky junction. 
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In view of the unexpectedly large ideality factor, low Schottky-barrier height, 

and high series resistance, SLG-based Schottky junction shows relatively poor 

photovoltaic characteristics compared to its BLG counterparts. Also, it is reported 

that multilayer graphene in solar cells exhibits better conversation ability and device 

stability compared to SLG.
175

 In our experiment, the high series resistance between 

SLG and n-GaAs is considered to be a major factor for suppressing the carrier 

separation and transport. Accordingly, the carriers generated at the interface of the 

junction can easily recombine, which can give rise to the degradation of SLG-based 

solar cell. Moreover, the lower Schottky barrier height can also induce the degraded 

performance of SLG/n-GaAs solar cell. Besides, SLG is believed to contribute little 

in establishment of the depletion layer considering the one-atom thickness.
87

 Thus, 

the photo-generated charges can be easily recombined, inducing the degraded 

performance of SLG/n-GaAs in our experiments. 

5.5 Summary 

In summary, the p-type GaAs can form ohmic contact with both the CVD-grown 

SLG and BLG sheets, while n-type GaAs can be combined with such graphene layers 

to form Schottky junctions. We have firstly demonstrated photovoltaic characteristics 

of graphene-on-GaAs Schottky junction with Voc of 0.65 V, Jsc of 10.03 mA/cm
2
 and 

PCE value of 1.95 %. Such performance parameters of the device are comparable to or 
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even higher than those of other pristine graphene/semiconductor junction-based 

devices. Our calculations based on the rectifying characteristics of the diodes suggest 

that bilayer graphene/GaAs junction exhibits smaller ideality factor (2.43), higher 

Schottky barrier height (0.75 eV), and lower series resistance (20.1 Ω) compared to 

single-layer one, which can give rise to the improved photovoltaic behaviors of 

BLG-based junction solar cells. This work implies that the developed graphene/GaAs 

system can be processed to be a new system for future photovoltaic applications 

considering the high-performance of optoelectronic capabilities of radiation-resistant 

GaAs wafer.  
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Chapter 6   Nonlinear Optical Properties 

of Few-Layer GaSe sheets 

6.1 Introduction 

2D layered materials have drawn extensive attention since the first discovery of 

graphene through the method of mechanical exfoliation by Geim’s group in 2004.
1
 

Graphene, with its unique 2D-layered structure, exhibits outstanding electronic, 

thermal, optical, and mechanical properties. And now graphene is considered to be 

one of the most promising materials for future applications in nanoelectronics. Indeed, 

the use of simple micro-mechanical cleavage technique has been expanded from 

graphene to other layered materials. Beyond graphene, a large variety of 2D materials 

can be exfoliated from some layered materials with the stacked structure in their bulk 

materials like graphite. Among the recent advances, 2D gallium selenide (GaSe), a 

layered III-VI semiconductor, has been receiving lifted attention from electronic and 

optoelectronic applications.
21,23,25

 GaSe is a layered III-VI semiconductor, which 

consists of covalently bonded stacks of four atomic layers that are held together by a 

weak interstack interaction of the van der Waals type. Monolayer GaSe flakes have 

been obtained by mechanical cleavage method,
21

 vapor phase mass transport method, 
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van der Waals epitaxy method and pulse laser deposition method.
176

  

It should be noted that one of the most important properties of bulk GaSe is the 

nonlinear optical property due to the absence of the inversion symmetric center.
48,49

 It 

is known that nonlinear optics has been widely used in many important applications 

such as integrated optics, optical information communications, biology and material 

science as well as imaging techniques.
50,51,177–179

 In comparison with the bulk 

counterparts of GaSe, the nonlinear optical properties have not been explored in its 2D 

form. Therefore, it is very interesting to investigate whether the intrinsic nonlinear 

features can be maintained in 2D layers. In this chapter, atomic-layered and 

micro-scale GaSe thin flakes were obtained by the mechanical exfoliation of bulk 

GaSe crystal and then transferred onto 300-nm SiO2 coated Si and transparent glass 

substrates. This provides us an opportunity to study systematically the nonlinear 

optical properties of 2D layered GaSe samples. In the sense of application, this issue 

should be critical in developing nanophotonic devices based on 2D atomic layers.
180

 

6.2 Experimental 

6.2.1 Fabrication of 2D GaSe sheets 

In our experiments, 2H-GaSe crystals were purchased from 2D Semiconductors. 

In bulk, β- and ε-GaSe can be obtained. Few-layer GaSe sheets can be cleaved and 

adhered to the subsequent 300-nm SiO2 coated Si and transparent glass substrates by 
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the micro mechanical exfoliation method. Both β-GaSe and ε-GaSe are hexagonal 

symmetric with a 2H stacking, and they will be used in later section of our 

experiments. The schematics of β-GaSe demonstrated in side and top view are shown 

in Figure 6.1a and b, respectively. β-GaSe has two basic layers per unit cell and 

belongs to space group of D
4

6h with an inversion symmetric center due to the stacking 

sequence. 

 

Figure 6.1 GaSe crystal structure: (a) side view and (b) top view for β-GaSe. 

 

Figure 6.2 GaSe crystal structure: (a) side view and (b) top view for ε-GaSe. 

On the other hand, the layered structure of ε-GaSe is generated from one 

primitive layer by translations, as schematically shown in Figure 6.2a and b. Among 
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different modifications, ε-GaSe ranks the most efficient nonlinear material with high 

nonlinear coefficient (d22) of 54 pm/V.  

6.2.2 Characterization 

Atomic force microscopy (AFM, DI Nanocope 8) combined with optical 

microscope (OM, Olympus DX51) was employed to perform the surface 

morphology characterization and determine the thickness of GaSe layers. Figure 6.3a 

shows the optical image with different optical contrast of multilayers of GaSe flakes 

deposited on a 300-nm SiO2 coated Si substrate by mechanical exfoliated method. 

The GaSe thin flakes change their color gradually to green by decreasing their 

thickness, which is consistent with previous results for 2D GaSe on 300 nm SiO2 

reported by other group.
21

 The AFM image for the thin GaSe flake, corresponding to 

the black square in Figure 6.3a, exhibits a flat and lateral micro-scale GaSe thin layer, 

as shown in Figure 6.3b. The inset shows corresponding AFM height profile of the 

GaSe layer. Apparently, the thickness is about 3 nm corresponding to 3-layer (3L) 

GaSe thin flake. The AFM measurements combined with the different optical 

contrast can determine the 5L and 7L of thickness in the vicinity of 3L GaSe flake, as 

shown in Figure 6.3a. 
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Figure 6.3 (a) Optical image of a GaSe sample on a SiO2/Si substrate. The layer 

number is marked in the corresponding area. (b) AFM image of the GaSe flake with 

the thickness of about 3 nm. Inset shows its corresponding AFM height profile. 

Moreover, the GaSe nanosheets were characterized using micro Raman 

spectroscopic system (HORIBA, HR800) equipped with the 633-nm laser. A 100 × 

objective lens was used in the system with a NA of 0.9 and the spot size of about 1 

μm. Micro Raman is a powerful technique to characterize 2D layered materials and 

is also an efficient way to determine the layer number. Figure 6.4 shows the Raman 

spectra of GaSe flakes with different layer number obtained from the AFM height 

profile. The Raman spectrum of SiO2/Si substrate is also shown in Figure 6.4 for 

comparison. In theory, there are two A1g modes in GaSe, i.e. A1g
1
 (133 cm

-1
) and A1g

2
 

(306.8 cm
-1

) corresponding to the vibration in the out-of-plane direction, while E1g
2
 

(250 cm
-1

) and E2g
1
 (211.9 cm

-1
) are associated with the in-plane vibrational modes. 

As can be seen from Figure 6.4, all the Raman peaks are significantly 

thickness-dependent. A1g
1
 mode shows a dramatic reduction of intensity with 
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decreasing the layer number. The A1g
2
 mode, which has overlaps with the Raman 

peak of the substrate at about 307 cm
-1

, exhibits a slight red-shift to about 303 cm
-1 

when reducing the layer number to 3L. The Raman scattering intensity of 

out-of-plane modes is stronger than that of the in-plane modes, which also become 

less effective as the layer number decreases. 

 

Figure 6.4  Raman spectra of GaSe thin flakes with different thickness on SiO2/Si 

with the excited laser of 633 nm. The substrate without GaSe sheets was also 

measured for comparison. 

The photoluminescence measurements were performed by employing 488-nm 

laser and using the PL mode in this micro Raman system. Ti:sapphire fs laser 

(repetition rate: 80 MHz, pulse duration: 100 fs) with the wavelength of 800 nm was 

used to explore the nonlinear optical properties of GaSe sheets on SiO2/Si substrates. 
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The spot size of fs laser is about 1 μm. Additionally, the nonlinear optical properties 

of GaSe flakes on transparent glass substrates were measured by using a confocal 

laser scanning microscope (Leica TCS SP5) equipped with a fs Ti:sapphire laser 

(Libra II, Coherent).  For the measurements in the confocal scanning system, the 

GaSe flakes were transferred onto the transparent glass substrate so that the SHG 

signal could be detected through transmission. 

6.3 Second harmonic generation of GaSe 

nanosheets 

 

Figure 6.5 (a) Optical image of layered GaSe flakes on a SiO2/Si substrate. (b) AFM 

image of GaSe sheets as shown in the black square in (a) in the scale of 16 μm × 

12μm. 

Figure 6.5a shows the optical image with different optical contrast of exfoliated 

GaSe flakes with different layer number. The thinner GaSe flakes show their color to 

green. Figure 6.5b exhibits the AFM image of GaSe layers corresponding to the black 
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square in the optical image in the scale of 16 μm × 12μm. 2L and 3L GaSe flakes can 

be further distinguished by the AFM depth profile. 

 

Figure 6.6 SHG from GaSe thin layers with different layer number. Inset: Incident fs 

laser spectrum in linear scale. 

Figure 6.6 shows the SHG emission spectra from GaSe thin flakes with different 

layer number from 2 to 10 layers excited by femtosecond (fs) laser of 800 nm. The 

curves are plotted in log scale for comparison. These spectra show peaks centering at 

about 400 nm, confirming the observed peak is indeed at half wavelength of the 

fundamental laser (800 nm), as shown in the inset of Figure 6.6. Such frequency 

doubling is the so-called second harmonic generation, giving rise to twice the 

frequency and half the wavelength of the incident photons. It should be noted that 

when we measured 3L GaSe samples on different SiO2 substrates, almost same SHG 
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spectra are obtained under identical condition, as can be seen from the two curves in 

Figure 6.6 for 3L GaSe flakes. Therefore, we can keep the stability and repeatability of 

the emission spectra for GaSe layers on different SiO2 substrates in order to compare 

accurately the SHG response from layered GaSe samples with different thickness. It 

should be noticed that a strong emission response of can be detected from bilayer (2L) 

GaSe flake. Therefore, second harmonic emission can arise from a bilayer GaSe sheet. 

This implies that bilayer GaSe sheet is of non-centrosymmetric structure due to the 

absence of the inversion center. In fact, single-layer TMDCs, like MoS2 and WS2 

nanosheets, were reported to show second order optical nonlinearity due to the 

absence of inversion symmetry.
103–106

 The SHG was only observed in odd-layered 

TMDCs nanosheets, while vanished or degraded in even layer numbers owing to the 

restoration of inversion symmetry. SHG can also be observed in artificially stacked 

TMDCs bilayers with an arbitrary stacking angle and h-BN bilayers with broken 

inversion symmetry.
107,108

 

The log vs log plot of SHG intensity with dependence on the GaSe layer number 

is shown in Figure 6.7. By linearly fitting the SHG intensity points, a slope of 3.12 can 

be obtained when the GaSe crystal is thinner than 5L, indicating an approximately 

cubic dependence of SHG intensity on the layer number. On the other hand, when the 

thickness is in access of 5L, a quadratic dependence on the thickness of SHG can be 

linearly fitted with a slope of 2.00. 
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Figure 6.7 The SHG intensity as a function of layer number. SHG spectrum of 20L 

GaSe is shown in the inset. 

However, in the limit that the sample thickness is much less than the coherence 

length, the SHG intensity generally has a quadratic-dependence on the thickness of 

thin film in principle.
181,182

 In contrast to the very recent extensive study in the 

nonlinear optical properties of 2D TMDCs, little is known about their nonlinear 

optical properties of GaSe flakes with several-nanometer thickness. And for GaSe, 

investigation of thickness dependent second-harmonic intensity only was 

concentrated on thin films with thickness of tens of nanometer, in which defects 

cannot be ruled out.
183

 In principle, in the limit that the sample thickness is much less 

than the coherence length, the SHG intensity has been reported to possess a 

quadratic-dependence on the thickness of thin film.
181,182

 Such a discrepancy can be 
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interpreted that the nonlinear coefficient is changed in GaSe nanosheets compared to 

their bulk one. In the case where sample thickness (l) is less than the coherence length 

(lc), the SHG intensity can be expressed as:  

             
       

   

     
     

 
          

     
 
 

                            (6.1) 

where   is the input frequency, deff is the nonlinear coefficient, c is the speed of light 

in a vacuum,    is vacuum dielectric constant,     and    are the index of refraction 

at second harmonic and fundamental frequencies, respectively. When     , 

          

     
   . And, the SHG is not influenced by phase-matching conditions. So, we 

can obtain: 

               
        .                                  (6.2) 

Where     
   

     
     

 

In order to estimate the magnitude of deff of few-layer GaSe from the measurement, we 

model few-layer one as a bulk medium. Since the nonlinear coefficient is of structural 

origin, it is reasonable to consider that its 20-nm-thick scale value is not distinct from 

the bulk one. The SHG spectrum of 20L GaSe sheet is shown in the inset of Figure 6.7. 

So, according to the SHG intensity of different thickness, we can estimate their 

nonlinear coefficient. The estimation was done by comparing the emission intensity 

of few-layer GaSe sheet to the 20L one with the nonlinear coefficient of 54 pm/V. 

The nonlinear coefficient is estimated to be 30 and 46.3 pm/V for 2L and 3L GaSe, 

respectively. Although the SHG of GaSe sheets is degraded in bilayer and trilayer, 
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multilayer GaSe sheets possess a comparable nonlinear coefficient to the bulk one 

when thickness is above 5L. Nevertheless, the nonlinear coefficient of our few-layer 

GaSe is relatively high in comparison with some other nonlinear bulk and thin film 

materials.
184,185

  

The anomalous behaviors in second harmonic response may be related to the 

energy stability of stacking sequence in 2D GaSe sheets. In bulk, both β- and ε-GaSe 

are stable with an interlayer coupling effect by van der Waals force. However, their 

coupling energies should be different due to distinct stacking sequence and the 

impact of such discrepancy may be more remarkable in low dimension. Specifically, 

despite of the identical interlayer distances in both modifications, the spacing 

between a Ga and the nearest Se in the adjacent layer is distinct. The spacing in 

ε-GaSe is larger than β, resulting in a weaker interlayer coupling energy. External 

perturbations, such as thermal excitation, photoexcitation, may modify the stacking 

order at atomically thin films from ε-GaSe to β-GaSe, which consequently give rise 

to centrosymmetry of the whole sample. To verify this hypothesis, the free energy 

calculation for bulk and 2D layered ε- and β-GaSe was performed using 

first-principles method with the CASTEP package.
186

 The final lowest energy of 

each modification is obtained after a geometry optimization to their structures, as 

shown in as shown in Table 6.1. 
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Table 6.1 The calculated free energy of bulk, bilayer, trilayer β- and ε-GaSe and the 

energy difference between the two polytype. 

layer ε-Gase β-GaSe Difference 

Bulk -9262.109 eV -9262.106 eV -0.003 eV 

Bilayer -9261.253 eV -9261.998 eV 0.745 eV 

Trilayer -13891.769 eV -13893.052 eV 1.283 eV 

In our calculation, the unit cell in bulk contains 2 basic layers by considering 

the periodicity, while bilayer and trilayer GaSe consists of 2 and 3 basic layers, 

respectively, with breaking the periodicity on the z-axis. This can result in the energy 

of trilayer is approximately 1.5 times the magnitude of bilayer and bulk. The lattice 

parameters of ε- and β-GaSe are tuned into same value (a = b = 3.750Å, c = 15.94Å) 

for the better comparison of the stacking sequence. In bulk, the energies of β- and 

ε-GaSe are very similar with tiny difference of -0.00327 eV. However, the energy of 

ε-GaSe is higher than that of β-GaSe in bilayer, indicating bilayer ε-GaSe is less 

stable than β-GaSe. Similar energy difference between β- and ε-GaSe also can be 

obtained for trilayer GaSe. The energy calculation means both β- and ε-GaSe are 

stable in bulk with small energy difference. However, in the atomically thin flakes, 

larger energy difference suggests that layer-layer stacking order tends to favor 

β-polytype. This can induce the degradation of SHG in bi-and trilayer GaSe.  
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Figure 6.8 Spectra of second harmonic generation from the GaSe thin layer with 

different input power. Inset: the input power dependent SHG intensity from the GaSe 

sheet. 

To further determine the SHG response of GaSe excited by fs laser of 800 nm, the 

SHG intensity was measured as a function of the power of fundamental excitation. 

Figure 6.8 shows the spectra of SHG for a thin layer of GaSe flake with different input 

power. With the input power is increased gradually from 1 to 32 mW, the SHG peak is 

dramatically enhanced. The inset of Figure 6.8 shows log vs log plot of the power 

dependence of SHG on the fundamental excitation power. The fitting line 

demonstrates a quadratic-dependence as expected in nonlinear optical bulk 

materials.
187

 The power dependence can be linear fitted with a slope of 1.92, which 

can further confirm the sharp and strong peak at 400 nm is the second harmonic 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 6 

JIE Wenjing  126 

response of the initial input with the wavelength of 800 nm. 

Above mentioned results show the second harmonic response of the specific 

point in the GaSe nanosheets with different thickness and input power. It is also 

essential to characterize the second harmonic response for the overall GaSe flakes. 

CLSM is a powerful technique to obtain high resolution optical images with selective 

depth. In our experiment, the exited laser can be tuned from 680 to 1080 nm. GaSe 

flakes were prepared on a transparent substrate so that the signal could be detected by 

the confocal microscope in transmissive mode. 

 

Figure 6.9 (a) Confocal laser scanning microscope SHG image excited by 976 nm 

laser with emission filter range from 450 to 500 nm. The inset shows the bright field 

image of this GaSe nanosheet. (b) The corresponding AFM image of the 

corresponding mechanically exfoliated GaSe layers on the transparent glass 

substrate. 

Figure 6.9a shows the SHG image excited by 976 nm laser with emission filter 

range from 450 to 500 nm for a GaSe sample and the AFM image of the GaSe layers 
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on transparent glass substrate. The emission is very weak but still visible for 5L GaSe 

thin layers, in comparison with its 10L ones. The inset in Figure 6.9a shows the 

corresponding bright field image of the GaSe flakes. The corresponding AFM image 

of the corresponding mechanically exfoliated GaSe layers on transparent glass 

substrate is shown in Figure 6.9b. 

 

Figure 6.10 (a) AFM height profile for the GaSe sample on transparent glass 

substrate in Figure 6.9b. (b) Intensity profile of the SHG from right to left at the 

white line shown in Figure 6.9a. 

Figure 6.10a demonstrates the corresponding AFM height profile for the GaSe 

sample shown in Figure 6.9, which clearly indicates the thickness of 5 nm and 10 nm 
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for GaSe flakes. The SHG intensity profile of fluorescent image for the GaSe flakes 

with thickness of 5 nm and 10 nm is shown in Figure 6.10b. The SHG intensity of 10L 

GaSe flake is about 4 times intensity of 5L GaSe one. 

The SHG emission spectrum can also be measured by the confocal scanning 

system. Under an excitation of 976 nm, strong and eminent blue emission (488 nm) 

can be observed in the GaSe flakes with different thickness, as shown in Figure 6.11. It 

should be noted that the fs laser with various wavelength from 900 to 1080 nm can 

give rise to second harmonic response for GaSe sheets. By switching the excited laser 

from 900 nm to 1080 nm, the luminescence peak shows corresponding shift from 450 

nm to 540 nm, as shown in Figure 6.11. The results provide further evidence of the 

realization of the frequency doubling from the nonlinear material of GaSe even down 

to atomic-layer. 

 

Figure 6.11 The SHG spectra of GaSe thin flakes with the excited laser of 900, 976, 

1080 nm, respectively. 
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To further investigate the nonlinear optical properties using the CLSM, another 

set of GaSe flakes was prepared on a transparent glass substrate. Figure 6.12a shows 

the bright field image of GaSe flakes on a transparent glass substrate. AFM was used 

to determine the layer thickness, as shown in the inset of Figure 6.12a, indicating 7L 

and 15L GaSe flakes. Figure 6.12b shows a representative bright field image of 

few-layer GaSe sheets. The SHG image with emission filter from 450 to 500 nm 

clearly shows the thickness-dependent optical contrast. Although AFM is an accurate 

method to identify the layer number, it is time-consuming and scale-limited. On the 

basis of the different emission intensity in the SHG image, we can estimate the 

thickness of the GaSe layers. This provides a rapid way to characterize large-scale 

GaSe layers, which is more efficient than AFM. It was recently reported that an optical 

imaging technique was developed by utilizing the edge effects of nonlinear optical 

response for monolayer MoS2.
188

 Although the evaluation of layer number is not 

sufficiently precise, it still shows potential in future for rapidly estimating the layer 

number and accurately determining the shape and location for few-layer GaSe 

nanosheets. The overlay image of bright field and SHG image for GaSe flakes 

suggests the SHG can be utilized as an effective method to find the location of GaSe 

sheets, as shown in Figure 6.13. 
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Figure 6.12 Confocal laser scanning microscope image of layered GaSe flakes on 

transparent glass substrate (a) the bright filed image; (b) the SHG image with 

emission filter ranging from 450 to 500 nm. 

 

Figure 6.13 The overlay image of the bright field and the corresponding SHG image 

for GaSe flakes. 

6.4 Two-photon excited fluorescence of GaSe 

nanosheets 

In theory, SHG involves that two photons interact simultaneously with the 

nonlinear material with no absorption process, which is essentially a scattering 
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process. However, two-photon excited fluorescence (TPEF) is a third order optical 

process involving absorption of the two photons and then emission of radiation. In this 

process, two-photon absorption (TPA) is the simultaneous absorption of two photons, 

which usually takes place when the excitation is a pulse wave with high intensity. In 

particular, TPA is a nonlinear optical process being several orders of magnitude 

weaker than linear absorption, i.e., one photon absorption (OPA).
189,190

 It is clear that 

TPEF is also a nonlinear optical process. However, for TPEF, the nonlinear material 

is not essential. The difference between SHG and TPEF is that the nonlinear material 

with a noncentrosymmetric structure is essential for SHG.  

It is common to observe both SHG and TPEF to achieve high resolution imaging 

for biological tissues and organic nanocrystals.
191,30

 Especially, it was reported that 

TPEF and SHG could both be observed in odd layer 2D WS2 layers.
194

 So, it is also 

interesting and essential to investigate the TPEF of GaSe nanosheets in order to 

understand their nonlinear optical properties. By changing the emission filter range to 

from 600 to 700 nm, a dim but still visible fluorescent image analogous to the bright 

field can be obtained. The emission image is shown in Figure 6.14. This image may 

result from TPEF considering the excited laser is of high intensity and the band gap of 

GaSe is about 2.0 eV.  
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Figure 6.14 The fluorescent image with emission filter ranging from 600 to 700 nm. 

Figure 6.15 PL spectrum of bulk GaSe excited by 488-nm cw laser. 

To fully understand TPEF of GaSe nanosheets, the photoluminescence (PL) of 

bulk GaSe samples induced by direct OPA excited by 488 nm continuous wave (cw) 

laser and nonlinear TPA excited by 800 nm fs laser was studied, respectively. 
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One-photon PL spectrum of bulk GaSe is shown in Figure 6.15. The PL peak shows at 

about 620 nm, indicating a band gap of about 2.0 eV. There is a significant shoulder 

peak at the red side of the feature peak. As a consequence, this peak can be well 

described by a superposition (red line) of two Gauss peaks, which center at 605 nm 

(blue line) and 624 nm (green line), corresponding to photon energies of 2.051 eV and 

1.989 eV, respectively. This may be caused by the two different modifications of 

H-stacking of the GaSe, i.e., β- and ε-GaSe. At 300 K, the band gap of β- and ε-GaSe is 

about 2.046 and 1.996 eV, respectively.
195

 It should be noted that the later shows 

relatively strong PL peak compared to the former, with an intensity ratio of in excess 

of 10. This PL spectrum also indicates the main modification of our GaSe crystal is 

noncentrosymmetric ε-GaSe. 

TPEF of the bulk GaSe was measured using 800 nm fs laser to investigate the 

nonlinear third order response, as shown in Figure 6.16. The spectrum also shows a 

peak at about 620 nm, and the peak can be fitted by two peaks with center positions 

(phonon energies) of 605 nm (2.051 eV) and 620 nm (2.001 eV). Similar to OPA 

induced PL, the intensity of TPEF peak of ε-GaSe is much higher than that of β-GaSe, 

further indicating the major modification of bulk GaSe samples is ε-type. 
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Figure 6.16 Two-photon excited fluorescence spectrum excited by 800-nm fs laser 

for bulk GaSe. 

For cleaved layered-GaSe with atomic-layer thickness, the band gap is gradually 

increased to about 2.1 eV. Figure 6.17 shows the PL spectrum of several-layer GaSe 

on SiO2. The PL peak is analogous to that of the bulk GaSe and can be resolved into 

two peaks, which center at 596 nm and 611 nm, respectively. The blue shift of the two 

peaks indicates a larger band gap (2.082 eV and 2.031 eV) compared with their bulk 

counterparts. Such increase of 30 meV has been achieved by exfoliated GaSe to 

atomic layer thickness. This slight blue shift is possibly due to the modification of 

band structure caused by the decrease of layered GaSe in thickness, differing from the 

quantum confinement effect.
23,25

 Additionally, the PL intensity is significantly 

weakened with a decrease in layer number, compared to that of bulk GaSe. This 
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behavior is different from MoS2, whose band gap is changed from in-direct to direct as 

the thickness decreases to monolayer, resulting in an enhancement of PL.  

Figure 6.17 PL spectrum of GaSe nanosheets excited by 488-nm cw laser. 

The TPEF of 2D GaSe has also been investigated and the spectrum is shown in 

Fig.ure 6.18. The TPEF spectrum can also be described by a superposition of two 

peaks, centering at 595 nm and 610 nm, respectively. This indicates the slight blue 

shift of layered GaSe sheets in comparison to the bulk crystal.  
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Figure 6.18 Two-photon excited fluorescence spectrum excited by 800-nm fs laser 

for GaSe nanosheets. 

Table 6.2 Peak central positions of bulk and 2D layered GaSe samples with two 

modifications attracted from PL and TPEF spectra. 

Position Bulk β-GaSe Bulk ε-Gase 2D β-Gase 2D ε-Gase 

PL 605 nm  624 nm  596 nm  611 nm  

TPEF 605 nm  620 nm  595 nm  610 nm  

 

From both the PL and TPEF spectra, there is a blue shift in the emission peak 

position can be found from bulk to 2D thin layer for both ε- and β-GaSe. The blue 

shift can be clearly seen from Table 6.2 which summarizes the central peak positions 

of bulk and 2D layered GaSe samples with two modifications attracted from PL and 

TPEF spectra. However, we also notice the intensity ratio of the two peaks is changed 
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from bulk to 2D thin layers. In bulk, the intensity of ε-Gase is much higher than that 

of β-Gase, while, in 2D forms, comparable intensity for two modifications can be 

achieved. This also can be well explained by the calculation result which is stacking 

order at atomically thin films tends to form β-GaSe modification.  

 

6.5 Summary  

We have observed the nonlinear properties of SHG and TPEF in few-layer 

GaSe sheets. Especially, bilayer GaSe sheet is capable of demonstrating strong 

second harmonic response when excited by fs pulse laser. The SHG response of 

GaSe nanosheets smaller than 5L shows a nearly cubic dependence on the layer 

number, differing from the quadratic dependence of GaSe sheets with the thickness 

beyond 5L. This can be attributed to the weakened stability of ε-GaSe in the 

atomically thin flakes. First-principles calculations indicate that the stacking order at 

atomically thin films tends to form β-GaSe modification with centrosymmetric 

structure which is not capable of possessing nonlinear optical properties. SHG and 

TPEF have also simultaneously been observed in few-layer GaSe sheets by CLSM, 

suggesting an efficient and rapid way in determining the layer number and location 

of GaSe nanosheets. At any rate, our results firstly provide experimental evidence 

that the intrinsic nonlinear optical properties can be maintained even when the 
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thickness of GaSe is decreased to bilayer. In the view of applications, the observation 

in this work suggests that 2D layered GaSe sheets with strong second harmonic 

response can be considered as a promising candidate for the future nanophotonic 

devices.
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Chapter 7   Conclusion and Future Prospect 

7.1 Conclusion 

In conclusion, huge effort has been devoted to the research of 2D materials in 

view of their promising applications. Hybrid structures of graphene combined with 

ferroelectric or semiconductor show fascinating behaviors and practical applications. 

Besides, the nonlinear optical properties of 2D layered GaSe sheets have been 

studied. In this thesis, we perform the characterization of CVD-grown 

graphene-based electronic and optoelectronic devices as well as the pristine 

nonlinear behaviors of mechanically exfoliated GaSe nanosheets. 

Firstly, we present the transport and vibrational properties of the graphene based 

on a graphene/PMN-PT hybrid system. The graphene/PMN-PT FETs show p-type 

behaviors and exhibit a large memory window in contrast to conventional 

graphene/SiO2 FETs. The on/off ratio, field effect mobility and excess hole 

concentration are calculated to be about 5.5, 4.52 × 10
3
 cm

2
v

-1
s

-1
 and 6.74 × 10

12
 cm

-2
, 

respectively. A reduction in p-doping for graphene FETs can be obtained through 

pre-polarization of PMN-PT substrate. Temperature-dependent Rs of graphene 

exhibits a metallic behavior and the Rs of graphene on the PMN-PT substrate can be 
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reduced to about 1.25 kΩ/sq. On the other hand, PMN-PT serves as an actuator to 

provide controllable biaxial strain to the above CVD-grown graphene layer, and such 

strain can result in a blue shift in the 2D band. We present the in-situ and real-time 

Raman spectra of graphene under such biaxial strain. The actual amount of strain 

exerted on the graphene is much smaller than that provided by the PMN-PT. After the 

initial response to the applied voltage, a continuous blue shift can be detected during 

the retention of bias voltage. The time-dependent Raman shift could be ascribed to the 

different strain distribution in CVD-grown graphene.  

Secondly, p-type GaAs can form ohmic contact with both the CVD-grown SLG 

and BLG sheets, while n-type GaAs can be combined with such graphene layers to 

form Schottky junctions. We have firstly demonstrated photovoltaic characteristics of 

graphene-on-GaAs Schottky junction with the Voc of 0.65 V, Jsc of 10.03 mA/cm
2
 and 

PCE value of 1.95 %. Such performance parameters of the device are comparable to or 

even higher than those of other pristine graphene/semiconductor junction-based 

devices. Our calculations based on the rectifying characteristics of the diodes suggest 

that bilayer graphene/GaAs junction exhibits smaller ideality factor (2.43), higher 

Schottky barrier height (0.75 eV), and lower series resistance (20.1 Ω) compared to 

single-layer one, which can give rise to the improved photovoltaic behaviors of 

BLG-based junction solar cells. This work implies that the developed graphene/GaAs 

system can be processed to be a new system for future photovoltaic applications 
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considering the high-performance of optoelectronic capabilities of radiation-resistant 

GaAs wafer. 

Thirdly, the nonlinear properties of SHG and TPEF have been studied in 

few-layer GaSe sheets. Especially, bilayer GaSe sheet is capable of demonstrating 

strong second harmonic response when excited by fs pulse laser. The SHG response 

of GaSe nanosheets smaller than 5L shows a nearly cubic dependence on the layer 

number, differing from the quadratic dependence of GaSe sheets with the thickness 

beyond 5L. This can be attributed to the weakened stability of ε-GaSe in the 

atomically thin flakes. First-principles calculations indicate that the stacking order at 

atomically thin films tends to form β-GaSe modification with centrosymmetric 

structure which is not capable of possessing nonlinear optical properties. SHG and 

TPEF have also simultaneously been observed in few-layer GaSe sheets by CLSM, 

suggesting an efficient and rapid way in determining the layer number and location 

of GaSe nanosheets. At any rate, our results firstly provide experimental evidence 

that the intrinsic nonlinear optical properties can be maintained even when the 

thickness of GaSe is decreased to bilayer. In the view of applications, the observation 

in this work suggests that 2D layered GaSe sheets with strong second harmonic 

response can be considered as a promising candidate for future nanophotonic 

devices. 



       THE HONG KONG POLYTECHNIC UNIVERSITY             Chapter 7 

JIE Wenjing  142 

7.2 Future Prospect 

In future, some optoelectronic devices will be fabricated in aim to utilizing the 

strong second harmonic response of GaSe nanosheets. Few-layer GaSe sheets can 

achieve the frequency doubling, which is very essential in nano devices. In order to 

do this, we should achieve the stability and reproducibility as well as the endurance 

to air ambient of GaSe sheets. More importantly, it is expected that devices with new 

functions and better performance are expected to be realized by choosing this 

nonlinear 2D materials with optimum device design. 

On the other hand, it has been proven feasible to integrate two types of 

low-dimensional materials, such as combining graphene with other 2D layered 

semiconductors of MoS2
196

 and WS2
197,198

  or insulator of hBN,
199–201

 or 1D carbon 

nanotubes
202,203

 to obtain some nanoelectronic or nanophotonic devices with novel 

functions. This concept provides us opportunity to integrate our previous studied 2D 

materials to pursue some new functional devices. 
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