
 

 

 

 

Van der Waals Heterostructures 

based on Two-dimensional 

Ferroelectric and Ferromagnetic Layers 

 

 

 

 

Shihong Xie 

 

 

 

 

 

Thesis submitted to the University of Nottingham 

for the degree of Doctor of Philosophy 

August 2023



i 
 

Abstract 

Two-dimensional (2D) van der Waals (vdW) crystals provide a platform for 

studies of novel phenomena and promising applications beyond traditional systems. 

This PhD thesis focuses on vertical 2D vdW heterostructures, including ferroelectric 

semiconductor junctions (FSJs), p-n junction diodes, and magnetic tunnel junctions 

(MTJs). These have potential for non-volatile memories, ultraviolet (UV) 

photosensing and low-power electronics. 

The ferroelectric polarization of the vdW semiconductor α-In2Se3 in 

graphene/α-In2Se3/graphene FSJs was switched by the bias voltage, thus producing 

memristive effects in the transport characteristics. These can be modified by light due 

to screening of the polarization by photocreated carriers. The FSJs demonstrated a 

high photoresponsivity (up to ~ 106 A/W) and a relatively fast modulation (down to ~ 

0.2 ms) of the photocurrent. 

The graphene/p-GaSe/n-In2Se3/graphene heterostructures were used to 

investigate novel mechanisms for the detection of UV light. The p-GaSe/n-In2Se3 

type-II band alignment and the electric field at the vdW interfaces were found to be 

beneficial to suppress carrier recombination and enhance the UV-photoresponse. 

Finally, the Fe3GaTe2/WSe2/Fe3GaTe2 MTJs exhibited an ideal tunnelling 

behaviour with a tunnel magnetoresistance (TMR) signal as large as 85 % at room 

temperature, breaking through the bottleneck of previous vdW MTJs that worked only 

at low temperatures (T < 300 K). 

The findings of this work offer opportunities for further developments, 

including the optimization of device structures and their studies towards enhanced 

functionalities beyond the current state of the art.  
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Chapter 1 

Introduction 

In modern society, the processing, transmission, and storage of information rely 

on our ability to manipulate electrons and photons. Microelectronic devices serve as 

the physical basis that makes this possible. Since the 1960s, microelectronic chips 

have been evolving according to the empirical Moore's law, which states that the 

density of transistors on an integrated circuit will approximately double every two 

years.1 However, up to the present day, traditional electronic devices have been scaled 

down to sizes of tens or even a few nanometers, leading to increasing device-failure 

issues, such as leakage currents and hot-carrier degradation.2 Further progress with 

traditional electronic devices has slowed down and Moore's law is gradually losing its 

validity. On the other hand, two-dimensional (2D) van der Waals (vdW) 

semiconductors represent a promising material platform for future technologies 

beyond Moore’s law.3 

In 2004, Novoselov et al. successfully isolated a single atomic layer of graphene 

by mechanical exfoliation of highly oriented pyrolytic graphite.4 Graphene possesses 

remarkable physical properties, such as a zero bandgap, high carrier mobility, high 

thermal conductivity, mechanical flexibility, and quantum Hall effects.3,5-8 This 

groundbreaking discovery shattered the theory that 2D materials could not exist stably 

at ambient conditions due to thermal fluctuations, thus sparking widespread interest.9 

Since then, hundreds of types of graphene-like 2D vdW layered materials have been 

studied, such as wide-bandgap insulator hexagonal boron nitride (hBN), metal 
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chalcogenides (MCs, e.g. InSe, In2Se3, GaSe), transition metal dichalcogenides 

(TMDCs, e.g. MoS2, WSe2) and metal oxides (e.g. TiO2, TaO3), etc...10 Unlike 

traditional three-dimensional covalent materials, 2D layered materials feature strong 

covalent bonds in the layer plane while there is a weak vdW interaction between the 

vdW layers.10 In monolayer and few-layer 2D materials, electrons move within the 

plane and are subject to quantum confinement. This leads to unique physical 

properties, including exceptional optical, electrical, and magnetic characteristics. 

Additionally, due to the absence of dangling bonds on the surface of a vdW crystal, it 

is possible to construct a wide variety of vdW heterostructures without the constraint 

of lattice matching that applies to traditional semiconductors. This offers opportunities 

for exploring novel optical, electrical, and magnetic devices based on 2D 

heterostructures.  

The recent discovery of ferroelectricity and ferromagnetism in 2D vdW 

materials has broadened prospects for new discoveries, that could revolutionise 

next-generation nanoelectronics and spintronics.11,12 For example, 2D vdW 

ferroelectric materials can serve as ideal components in ferroelectric tunnel junctions 

(FTJs) due to their layered structures.13,14 Wu et al. used 4-nm-thick CuInP2S6 as the 

tunnelling barrier and achieved a tunnelling electroresistance (TER) exceeding 107, 

which is attributed to a Fermi level shift as large as 1 eV by the polarization 

switching.15 Also, by enhancing the effective gate electric field in the device, vdW 

ferroelectric field-effect transistors (Fe-FET) can produce a negative capacitance 

effect, reducing the subthreshold swing down to or even lower than the Boltzmann’s 
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limit (60 mV/dec). This can increase switching speeds of the device and improves 

energy efficiency.16,17 On the other hand, 2D vdW magnets provide new opportunities 

for control of magnetism at the nanometre scale via strain, voltage and the 

photovoltaic effect.11,18,19 For instance, Da̧browski et al. demonstrated that the 

magnetism of CrI3 layers can be manipulated with laser pulses,20 and Tang et al. 

succeeded to control the magnetic anisotropy in vdW Fe5GeTe2 via electrolyte 

gating.21  

Motivated by these burgeoning researches, my PhD research project aims to 

explore novel quantum systems based on 2D vdW crystals. Of particular interest is the 

recently discovered ferroelectric α-In2Se3 and the ferromagnetic Fe3GaTe2, which are 

used to build novel vdW heterostructures. These offer innovative ways of studying 

and harnessing charge- and spin-quanta in multi-layered structures, providing an 

exciting platform for future technologies, such as ferroelectric memristors and 

magnetic tunnel junctions for non-volatile memories and low-power electronics. 

 

1.1 Thesis overview 

The thesis is structured as follows: 

Chapter 1 encompasses the introduction, motivation, and an overview of the 

content presented in the subsequent chapters of this thesis. 

Chapter 2 introduces the research background, characteristics and applications 

of 2D vdW materials, including graphene, hexagonal boron nitride (hBN), and 2D 

semiconductors. In particular, the properties of ferroelectric and ferromagnetic 
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materials and their progress in the field of 2D systems are presented. 

Chapter 3 describes the fabrication techniques used to construct the vdW 

heterostructures studied in the experiments, including traditional semiconductor 

fabrication processes and 2D material transfer technology. 

Chapter 4 describes the advanced characterization techniques used to study the 

vdW materials and devices investigated in the thesis. The equipment for measuring 

electrical, magnetic and optoelectronic properties of devices based on 2D layered 

materials and their heterostructures are also presented. 

Chapter 5 investigates the electronic and optoelectronic properties of 

graphene/α-In2Se3/graphene ferroelectric semiconductor junctions. By modulating the 

ferroelectric polarization of the nanometre-thick α-In2Se3 layer in the devices, 

controllable memristive effects are achieved and the underlying mechanisms of 

conduction are examined. 

Chapter 6 studies the photoresponse of graphene-contacted p-GaSe/n-In2Se3 

junctions. A large photoresponsivity (up to ~ 102 A/W) and a high detectivity (up to ~ 

1013 Jones) are observed in the devices. These are explained in terms of charge 

transport across multiple thin layers and light-current conversion at the vdW 

interfaces of the junction. 

Chapter 7 explores room-temperature tunnel magnetoresistance in magnetic 

tunnel junctions based on vdW Fe3GaTe2/WSe2/Fe3GaTe2 heterostructures. The 

changes of magnetoresistance with temperature in these devices are discussed and the 

intrinsic above-room-temperature ferromagnetism in Fe3GaTe2 is characterised by the 
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anomalous Hall effect. 

Chapter 8 concludes the thesis, providing a summary of the key findings and a 

discussion of future research prospects. 
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Chapter 2  

Two-dimensional van der Waals crystals 

Research on two-dimensional (2D) van der Waals (vdW) materials can be traced 

back to the successful isolation of single-layer graphene sheets exfoliated from bulk 

graphite.4 This achievement has sparked significant interest in the investigation of 

additional 2D materials, with a diverse range of physical properties, enabling the 

discovery of various quantum phenomena and the fabrication of new functional 

devices.6,8,22,23 In this chapter, we present an overview of the characteristics and 

applications of 2D vdW materials, including graphene, hexagonal boron nitride (hBN), 

2D semiconductors, ferroelectrics, and ferromagnets. These are the 2D materials that 

have been used in this thesis. 

 

2.1 Graphene 

Graphene is an allotrope of carbon in the form of a single layer of atoms 

arranged into a 2D hexagonal lattice with one C-atom at each vertex (Figure 2.1a). 

The unique structural properties of graphene are reflected in its electronic properties. 

The K and Kʹ points in the reciprocal lattice (Figure 2.1b) establish a valley-based 

degree of freedom, combined with spin, resulting in a four-fold degeneracy of the 

energy bands. The Dirac points are at K and Kʹ, representing the boundary between 

the conduction and valence bands (Figure 2.1c).6,7 Due to the cone-shaped 

energy-momentum relations, the quasi-particles with electron- and hole-like 

properties travel at a constant velocity, vF ≈ 106 m/s, dictated by the cone's gradient.24 
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As a result, graphene shows many exceptional properties, including bipolar 

conduction with highly tunable carrier densities, high carrier mobility, etc.7 Because 

of its tuneable chemical potential, high conductivity, and optical transparency, 

graphene has been seen as a promising material for applications in sensor, photonic, 

and electronic devices.5,8,25 Also, graphene is an ideal candidate to serve as an 

electrode to a vdW material within a device structure because of its compatibility with 

other vdW crystals to create heterostructures.26-29 

 

 

Figure 2.1 Structures of graphene. (a) The honeycomb lattice structure of graphene 

in real space. Two sublattice sites are labelled A and B. The unit cell is marked by the 

lattice vectors 𝑎1 and 𝑎2. (b) The reciprocal lattice of graphene with the corresponding 

Brillouin zone. The Dirac cones are located at the K and K’ points. (c) Energy (Ek) - 

momentum (kx,y) dispersion of graphene and representation of the band structure 

around the Dirac point in the Brillouin zone. The figure is reproduced from Ref.7. 

a b

c
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In 2018, Cao et al. discovered interaction-induced insulating states and 

superconductivity in twisted bilayer graphene (TBG) with a special magic twist 

angle.30,31 TBG is an exciting system where two layers of graphene are stacked on top 

of each other with a small twist angle between them. This twist angle introduces a 

moiré pattern, which is an interference effect that forms a large-scale superlattice. 

When the twist angle is close to a specific value, known as the "magic angle" 

(approximately 1.1°), the electronic properties of TBG change dramatically, giving 

rise to interaction-induced insulating states and superconductivity. At the magic angle, 

the interlayer hybridization induces nearly flat low-energy bands (as shown in Figure 

2.2a). This quenching of the quantum kinetic energy leads to a correlated insulating 

phase at half-filling of these flat bands, which is indicative of a Mott-like insulator in 

the localized flat bands (Figure 2.2b).30 In addition to the insulating states, 

superconductivity has also been observed in magic-angle TBG (Figure 2.2c). When 

the electron density is tuned through electrostatic gating, superconducting phases can 

emerge close to the interaction-induced insulating states. Figure 2.2d displays 

interaction-induced insulating states at integer moiré band fillings accompanied by 

nearby superconducting regions, which shows similarity with the behaviour of other 

high-temperature superconductors.31 The exact mechanism of superconductivity in 

magic-angle TBG is still under active investigation. Unveiling interaction-related 

insulating states and superconductivity in TBG with a magic twist angle has paved the 

way for investigating strongly correlated electronic systems and their potential 

applications in next-generation electronic devices.24,32 
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Figure 2.2 Insulating states and superconductivity in magic-angle TBG. (a) The 

band structure of TBG shows the formation of a narrow band near the charge 

neutrality when approaching the magic angle. (b) Conductance of a magic-angle TBG 

device with θ = 1.08° and T = 0.3 K. The Dirac point is located at n = 0. The 

lighter-shaded regions are superlattice gaps at carrier density ±ns. The darker-shaded 

regions denote half-filling states at ±ns/2. (c) Four-probe resistance Rxx = Vxx/I for two 

Hall bar devices shows the superconductivity in magic-angle TBG. The inset shows 

an optical image of a magic-angle TBG Hall bar device. (d) Phase diagram showing 

the dependence of the superconducting critical temperature on carrier density. The 

figure is reproduced from Ref.30,31. 

 

2.2 Hexagonal boron nitride 

Hexagonal boron nitride (hBN) is a 2D material composed of boron (B) and 

nitrogen (N) atoms organized in a hexagonal lattice pattern. Often referred to as 

"white graphene", crystalline hBN is arranged in a graphene-like layered structure.33 

However, hBN has different electronic and optical properties compared to graphene, 

a b

c d
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which makes it a distinct material with a wide range of potential applications.34 

As a 2D vdW insulator (bandgap ~ 6 eV), hBN plays a pivotal role in a 

multitude of scientific and technological disciplines, for example, as a platform for 

gate dielectric, a passivation layer, Coulomb drag, and a tunnelling layer.35-39 hBN 

hosts defects that can be engineered to obtain room-temperature, single-photon 

emission and is well suited for deep UV emitters and detectors.40,41 Furthermore, the 

partially ionic structure of the BN layers in hBN reduces covalency and electrical 

conductivity, whereas the interlayer interaction increases resulting in higher hardness 

of hBN relative to graphite.33 In this thesis, hBN layers were used to encapsulate the 

entire vdW devices and prevent other 2D materials from oxidation. 

 

2.3 Van der Waals semiconductors 

Semiconductors are the basis of many vital technologies such as computing, 

communications and sensing.42,43 Modern semiconductor technology can trace its 

origins to the invention of the point-contact transistor in 1947.44 This ground-breaking 

achievement led to the creation of semiconductor devices and integrated circuits, 

which have become integral to our contemporary society. A key property that 

determines the semiconductor's electrical and optical properties is the bandgap. 

Beyond graphene and hBN, recently discovered vdW materials exhibit 

semiconducting bandgaps that span various ranges, from terahertz and mid-infrared in 

bilayer graphene and black phosphorus, to visible light in metal chalcogenides (MCs), 

and up to ultraviolet in Ga2N3 (Figure 2.3).45  



11 
 

 

Figure 2.3 Bandgaps of 2D semiconductors. The bars beneath each structure 

indicate bandgap range from bulk to monolayer. Normally, the bulk bandgap is 

smaller than that of its monolayer (black bars), but there are exceptions (red bars). 2D 

materials on the far left are zero or near-zero bandgap, metallic, or semimetallic. The 

figure is reproduced from Ref.45. 

 

Among the wide catalogue of 2D semiconductors, the III–VI MC compounds 

have emerged as an ideal class of materials for electronics and optoelectronics.28,46-52 

MCs are semiconducting crystals with the stoichiometry MX or MaXb, where M is a 

metal (e.g. Ga, In, etc.) and X is a chalcogen (e.g. S, Se, Te, etc.). Similar to graphene 

and hBN, these crystals possess strong in-plane covalent bonds in each layer and the 

layers interact through weak vdW forces. However, in contrast to graphene, MCs 

exhibit a wide variety of polytypes, for example, β, γ and ε for InSe53, and β, ε, γ and δ 
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for GaSe53,54, depending on the stacking sequence of the layers. Earlier studies of 

these bulk crystals focused on their anisotropic mechanical, optical and electronic 

properties, which made them good candidates for applications in photovoltaic, 

non-linear optics and THz generators.55-59  

In this thesis, we have used the MC α-In2Se3 and the MC ε-GaSe. The 

ε-polytype phase of GaSe crystals was obtained by Bridgman growth.60 Each ε-GaSe 

layer consists of four closely packed, covalently bonded, monoatomic sheets in the 

sequence Se-Ga-Ga-Se. The two vdW ε-GaSe layers have a weak vdW bonding, 

which helps this material to be cleaved into layers using mechanical exfoliation.61 The 

in-plane lattice parameters are a = b = 3.755 Å and each unit cell consists of two 

layers with out-of-plane lattice parameters c = 15.949 Å. As a p-type semiconductor, 

GaSe crystals contain native acceptors and a low concentration of holes p ~ 1013 cm–3 

at T = 300 K.60 

ε-GaSe shows layer-dependent optoelectronic properties. GaSe is a direct 

bandgap material in the bulk form (with a bandgap ~ 2 eV) and becomes indirect in 

the monolayer form (with a bandgap ~ 4 eV).62 Because of the high resistivity of the 

GaSe-layered structure, the dark current in devices based on GaSe is very low, which 

is advantageous for photodetection.48,63  

We investigated graphene/ε-GaSe/α-In2Se3/graphene heterostructures with 

strong optical absorption in the ultraviolet range.64 This work is presented in Chapter 

6. The properties of the ferroelectric semiconductor α-In2Se3 are described in Section 

2.4.3. 
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2.4 Van der Waals ferroelectrics 

In this section, we explore the background and intriguing properties of 

ferroelectric materials, particularly focusing on the emergence of 2D vdW 

ferroelectrics. A detailed description of ferroelectricity in α-In2Se3, a semiconductor 

vdW crystal, is presented by highlighting its ferroelectric mechanisms and its 

applications in nanoelectronics, photodetectors, and memory devices. 

 

2.4.1 Ferroelectricity 

The investigation of ferroelectricity in solid-state systems represents an active 

area of research with many breakthroughs emerging from both experiments and 

theory.65 In the development of modern electronics, ferroelectrics play an increasingly 

important role with novel applications, such as high energy density capacitors, 

resistive switches, electro-optic modulators, ferroelectric tunnel junctions (FTJs) and 

non-volatile ferroelectric random-access memories (FeRAMs).66-69 

A ferroelectric is generally defined as a material that possesses a spontaneous 

electric polarization P, which can be reversed through the application of an external 

electric field E, greater than the coercive field EC.70,71 The term "ferroelectricity" is 

derived from the word "ferromagnetism", as both phenomena exhibit hysteresis 

behaviour, though they involve different properties (electric polarization in 

ferroelectric materials and magnetization in ferromagnetic materials). The Curie 

temperature (TC) of a ferroelectric material is the critical temperature at which the 

material undergoes a phase transition from a ferroelectric phase to a paraelectric 
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phase.72 Above the Curie temperature, the spontaneous polarization of the material 

vanishes, and the material loses its ferroelectric properties. All ferroelectrics are also 

pyroelectrics, which means that these materials can generate a temporary voltage 

when they are heated or cooled. Moreover, all ferroelectrics are also piezoelectric, 

which means that they can generate charges in response to an applied mechanical 

stress.70 

Since 1921, when Joseph Valasek first recognized ferroelectric properties in a 

crystal, namely in Rochelle salt, ferroelectric materials have been continuously 

discovered and studied over decades.73 In the last century, studies of ferroelectric 

materials have mainly focused on hydrogen-bonded materials, such as Rochelle salt, 

or complex oxides, such as BaTiO3 and PbTiO3 perovskite compounds.74,75 Driven by 

the technological demand for device miniaturization, the exploration of the 

ferroelectric properties of perovskite thin films has attracted increasing attention.76 At 

the same time, the recent emergence of vdW ferroelectrics with 2D structures 

introduced new opportunities in the field.12 

 

2.4.2 Ferroelectricity in two-dimensional materials 

The layered structure of 2D vdW materials allows for the fabrication of stable 

single- and few-layer samples, which provide an excellent platform for exploring the 

impact of reduced lattice dimensions on the long-range ferroelectric order.12 The study 

of vdW ferroelectrics can be traced back to the work of Pawley et al. in the 1960s on 

group IV-VI metal chalcogenides (MC, where M = Ge/Sn; C = S/Se/Te).77 Early 
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studies were mostly conducted on bulk samples. Later, with the development of 

thin-film growth techniques and the more recent introduction of mechanical 

exfoliation, the fabrication of atomic-thin samples of vdW ferroelectric materials 

became possible. In 2016, robust in-plane polarization in monolayer SnTe and 

out-of-plane polarization in 4-nm-thick (~ 5 layers) CuInP2S6 were discovered.78,79 

Since then, ferroelectricity has been demonstrated in many 2D vdW systems, 

including In2Se3,
80,81 WTe2,

82,83 ReS2,
84 MoTe2,

85 SnSe and SnS.86  

 

Table 2.1 Summary properties of 2D vdW ferroelectric materials. EC represents 

the coercive field, TC represents the Curie temperature, and L indicates the number of 

vdW layers. The table is reproduced from Ref.12. 

Material EC (V nm−1) TC (K) Bandgap (eV) References 

CuInP2S6 0.01 (bulk) >320 (5L) 2.7 (bulk) 79 

CuCrP2S6 — 32 (bulk) — 87 

SnTe — 
270 (1L);  

100 (bulk) 

1.6 (1L); 

0.3 (bulk) 
88 

SnSe 0.014 (1L) >380 (1L) 
2.1 (1L); 

0.9 (bulk) 
78,86 

SnS 
2.5×10-3 (9L); 

1.1×10-3 (bulk) 
>300 (1L) 

1.6 (1L); 

1.2 (bulk) 
86 

GeTe 0.2 570 (1L) 0.6 (bulk) 86 

α-In2Se3 0.02 700 (4L) 
2.8 (1L); 

1.4 (bulk) 
80,89 

MoTe2 — 330 (1L) 0 85 

WTe2 0.05 350 (2-3L) 0 82 

Bilayer WSe2, MoSe2, 

WS2, MoS2, MoTe2 
0.2 >300 (2L) — 90,91 

Bilayer MoS2/WS2 2.4 >300 (2L) 0 (2L) 92 

Bilayer hBN 0.1 >300 (2L) >5 (bulk) 93 

Bilayer graphene 0.2 >300 (2L) — 23 
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Due to the inversion symmetry break, unconventional ferroelectricity has also 

been seen in moiré superlattices, such as Bernal-stacked bilayer graphene, 

parallel-stacked bilayer hBN, rhombohedral-stacked bilayer WSe2, MoSe2, WS2 and 

MoS2.
23,90,93 The properties of some 2D vdW ferroelectrics are summarized in Table 

2.1. Beyond that, researchers have identified novel 2D vdW ferroelectric systems with 

unique mechanisms (such as sliding ferroelectrics83,94,95 and spin-texture-induced 

ferroelectrics96), uncovered unprecedented properties (such as ferroelectric 

metallicity82), and developed functional devices (such as negative capacitance 

transistors16) that capitalize on the distinctive ferroelectric characteristics.  

 

2.4.3 Ferroelectricity in α-In2Se3 

In2Se3 is a semiconductor vdW crystal with remarkable optical and electrical 

properties. It has been studied in the application of photodetectors and phase-change 

memories for a long time. In2Se3 can exist in several phases (e.g. α-In2Se3, β-In2Se3, 

γ-In2Se3, δ-In2Se3…) depending on material preparation conditions.53,81,97 Amongst 

these phases, the α-phase of In2Se3 is recognized as the most stable layered structure 

at room temperature. As shown in Figure 2.4a, its single layer is composed of 

alternating Se or In atomic layers via covalent bonds, constituting a Se–In–Se–In–Se 

quintuple layer (QL). The QLs are vertically stacked in the A-B-C sequence via weak 

vdW forces. The vdW nature of the inter-QL force is supported by earlier 

experimental observations that few-layer In2Se3 can be obtained by mechanical 

exfoliation, epitaxy, or chemical vapour deposition.56,97,98 
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Figure 2.4 Crystal structure and ferroelectric properties of α-In2Se3. (a) Crystal 

structure of layered α-In2Se3. A quintuple layer (QL) is indicated by the black square. 

(b) Two kinetics pathways for the polarization reversal involving the motion of 

Se-atoms. Direct shift (top figure b): a Se-atom in the QL shifts laterally from the B to 

C sites, thus reversing the direction of the polarization. The activation energy barrier 

for this shift is 0.85 eV. Indirect shift (bottom figure b): After the movement of four 

atoms in the QL, the Se-atom originally located at point B moves to C. The activation 

energy barrier of this shift is 0.066 eV, which is the polarization inversion pathway 

with the least energy required. (c) The α-In2Se3 crystal structure depicting the 

interlocked polarization mechanism in the out-of-plane (OOP) and in plane (IP) 

orientations. The yellow and blue balls represent Se and In atoms, respectively. By 

applying a large bias that exceeds the coercive voltage, the central Se-atoms, which 

are the origin of the interlocked spontaneous polarization, move towards the bottom 

right direction, simultaneously reversing the OOP and IP dipoles (State 1 → State 2). 

The figure is adapted from Ref.89,99. 
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For bulk α-In2Se3, the nature of the bandgap, i.e., direct or indirect, remains 

controversial. Some experimental works in the literature report that bulk α-In2Se3 has 

a direct gap,100,101 while other experimental102 and theoretical81,103,104 studies show that 

it has an indirect bandgap. The Brillouin zone of bulk α-In2Se3 is shown in Figure 

2.5a. As shown in Figure 2.5c, first-principles calculations from a recent work 

indicate that bulk α-In2Se3 is an indirect bandgap semiconductor: the valence-band 

maximum (VBM) occurs along the Γ-L direction, while the conduction-band 

minimum (CBM) is located at Γ; the energy of the indirect bandgap is Eg = 1.27 eV, 

while that of the direct bandgap at Γ is 1.32 eV.81 The experimental measured values 

of the bandgap for α-In2Se3 films in the literature range between 1.2 and 2.8 

eV.56,105,106 

The Brillouin zone of single layer α-In2Se3 is shown in Figure 2.5b. The 

bandgap and its nature (direct/indirect) depend on the layer thickness: as the thickness 

of α-In2Se3 decreases, the optical bandgap energy increases and the nature of bandgap 

changes from indirect to direct.103,105,106 Figure 2.5e shows the Tauc plots for seven 

α-In2Se3 flakes with different thicknesses, from 3.1 to 28.6 nm, as well as their linear 

fit near the absorption edge, as reported in an experimental work.106 The optical 

bandgap is strongly dependent on the flake thickness, increasing from its bulk value 

of 1.45 ± 0.05 eV to a value of 2.80 ± 0.05 eV for the thinnest measured flake (3.1 nm 

thick). The transition from an indirect to a direct bandgap with decreasing layer 

thickness is confirmed by a recent theory work in the literature,103 showing that the 

bandgap of single layer α-In2Se3 is direct: the calculated band structure with 
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Perdew-Burke-Ernzerhof (PBE) without spin-orbit coupling (SOC) (see red lines in 

Figure 2.5d) show that α-In2Se3 monolayers are indirect bandgap semiconductors; 

however, when the SOC is included (see black lines in Figure 2.5d), the bandgap 

becomes direct.103 This finding confirms the measurement of Jacobs-Gedrim et al.,56 

suggesting a direct bandgap for vdW α-In2Se3 with a thickness of ∼ 3.9 nm. 

In 2017, intrinsic out-of-plane (OOP) and in-plane (IP) ferroelectricity was 

predicted for α-In2Se3 by first-principles calculations.89 In one QL In2Se3, each ground 

state structure hosts two equivalent states with opposite electric polarizations. As 

shown in Figure 2.4b, there are two kinetics pathways for the polarization reversal. 

Furthermore, the unique structural asymmetry of α-In2Se3 causes strict interlocking 

between OOP and IP dipoles (Figure 2.4c), which means polarization reversal in 

α-In2Se3 can be realized by bias poling along either the OOP or IP orientation.107-109 

The dipole interlocking effect is a completely new mechanism to stabilize 2D 

ferroelectricity, providing a new degree of freedom to control structural and electronic 

ordering. In addition, the transition temperature TC of α-In2Se3 is around 700 K, which 

means that α-In2Se3 is a stable ferroelectric material at room temperature.108 Because 

of its extraordinary ferroelectric and optoelectronic properties, α-In2Se3 finds 

extensive applications in nanoelectronics, photodetectors, non-volatile memory 

devices, and strain sensors.57,99,109-123 In our study, we fabricated 

graphene/α-In2Se3/graphene ferroelectric semiconductor junctions which shows 

memristive effects that can be controlled by applied voltages and/or by light.124 This 

work is presented in Chapter 5. 
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Figure 2.5 Band structures of α-In2Se3. (a) The Brillouin zone of bulk α-In2Se3. (b) 

The Brillouin zone of single layer α-In2Se3. (c) Calculated band structure of bulk 

α-In2Se3, including the effects of spin-orbit coupling (SOC). The valence-band 

maximum (VBM) is set to 0 eV. (d) Calculated band structure of a single α-In2Se3 

layer with (black line) and without (red line) inclusion of SOC. The Fermi level is set 

to 0 eV. (e) Tauc plot of the optical absorption in α-In2Se3 flakes with seven different 

thicknesses, ranging from 28.6 to 3.1 nm. The dotted lines show the Tauc 

extrapolation of the absorption edge. The energy at which the absorption coefficient 

takes a value of 105 cm−1 (isoabsorption energy) is shown by the black dashed curve. 

The figure is reproduced from Ref.81,103,106. 
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2.5 Van der Waals ferromagnets 

In this section, we provide an overview of the various forms of magnetism, along 

with the mechanisms and examples of magnetic tunnel junctions (MTJs). Moreover, 

we delve into the recent appearance of 2D vdW magnetic materials, emphasizing their 

unique characteristics that have catalyzed progress in the field of spintronic devices. 

 

2.5.1 Magnetism 

Magnetism encompasses a set of physical properties mediated by a magnetic 

field, which has the ability to generate attractive and repulsive forces in other 

objects.125 Diamagnetism, paramagnetism, ferromagnetism, ferrimagnetism, and 

antiferromagnetism are different types of magnetism. Diamagnetic materials possess 

no unpaired electrons and have a weak, negative response to external magnetic fields. 

They are repelled by magnetic fields but do not retain any magnetism when the field 

is removed. Paramagnetic materials possess unpaired electrons and have a weak, 

positive response to external magnetic fields. Their magnetic moments align with the 

field, but the magnetism disappears when the field is removed. Ferromagnetic 

materials possess unpaired electrons that align their magnetic moments when 

subjected to an external magnetic field. They exhibit strong attraction to magnetic 

fields and can be magnetized to become permanent magnets. The Curie temperature 

(TC) is used to describe the temperature of the phase transition between 

paramagnetism and ferromagnetism. Ferrimagnetism occurs in materials with a mixed 

magnetic structure where the magnetic moments of different ions partially cancel each 
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other out, resulting in a net magnetization. Ferrimagnetic materials can be magnetized 

like ferromagnetic materials, but their magnetic properties are generally weaker.  In 

antiferromagnetic materials, the magnetic moments of adjacent atoms or ions align in 

opposite directions, resulting in a net magnetization of zero. Antiferromagnetism 

vanishes at and above the Néel temperature.125,126 The schematic diagrams of the five 

types of magnetism are shown in Figure 2.6. 

 

 

Figure 2.6 Different types of magnetism. Schematics of (a) diamagnetism, (b) 

paramagnetism, (c) ferromagnetism, (d) ferrimagnetism, and (e) antiferromanetism. 

 

2.5.2 Magnetic tunnel junctions 

Magnetic tunnel junctions (MTJs) serve as essential components in hardware 

such as magnetic random-access memory (MRAM) and hard disk drives. They 

typically feature a ferromagnet/non-magnet/ferromagnet trilayer structure, which 

displays a low resistance state when the magnetization directions of the two 
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ferromagnetic layers align parallel and a high resistance state when they are 

antiparallel. These high and low resistance configurations correspond to logical "1" 

and "0" values.  

 

 

Figure 2.7 Tunnel magnetoresistance in magnetic tunnel junctions. (a) TMR 

versus bias voltage in the first MTJ, a Fe/Ge/Co junction, at T = 4.2 K. (b) Schematic 

representation of the tunnel magnetoresistance in the case of two identical 

ferromagnetic metal layers separated by a non-magnetic amorphous insulating barrier. 

The tunnelling process conserves the spin. When electron states on each side of the 

barrier are spin-polarized, then electrons will more easily find free states to tunnel to 

when the magnetizations are parallel (top) than when they are antiparallel (bottom). 

(c) The TMR ratio in a CoFeB/MgO/CoFeB MTJ at T = 300 K. The figure is 

reproduced from Ref.127-129. 
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In 1975, Julliere pioneered the fabrication of the first MTJ, an Fe/Ge/Co tunnel 

junction.127 When applying a magnetic field to change the parallel and antiparallel 

magnetization states of the tunnel junction, the change in magnetoresistance was 

successfully observed. 

The tunnel magnetoresistance (TMR) is defined as:  

      TMR =
𝑅𝐴𝑃−𝑅𝑃

𝑅𝑃
× 100 %, (2.1) 

where RP and RAP represent the resistance of the tunnel junction in parallel and 

antiparallel states, respectively. As shown in Figure 2.4a the TMR in the first 

Co/Ge/Fe structure reached a value of 14% at low temperature (T = 4.2 K) and zero 

bias voltage. 

In order to explain the TMR effect, one can assume that the electron spin 

remains unchanged during tunnelling and that the tunnelling processes for spin-up and 

spin-down electrons are independent. Next, the conductance G = 1/R of the two 

independent tunnelling channels is proportional to the product of the corresponding 

spin state densities of the two ferromagnetic electrodes, as illustrated in the energy 

band diagram of Figure 2.7b.130 Based on these assumptions: 

      𝐺𝑃 ∝ 𝐷1
↑𝐷2

↑ + 𝐷1
↓𝐷2

↓, (2.2) 

   𝐺𝐴𝑃 ∝ 𝐷1
↑𝐷2

↓ + 𝐷1
↓𝐷2

↑. (2.3) 

Here, D↑ and D↓ represent the density of states of two different spin configurations, 

and subscripts “1” and “2” denote the two ferromagnetic layers. As the spin 

polarization P of the ferromagnet is defined as 𝑃 =
𝐷↑−𝐷↓

𝐷↑+𝐷↓
, the famous Julliere 

formula can be derived:127 
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      𝑇𝑀𝑅 =
𝑅𝐴𝑃−𝑅𝑃

𝑅𝑃
=

𝐺𝑃−𝐺𝐴𝑃

𝐺𝐴𝑃
=

2𝑃1𝑃2

1−𝑃1𝑃2
× 100 %. (2.4) 

Based on earlier measurements of Fe and Co spin polarization rates,131,132 the 

theoretical TMR value for the Fe/Ge/Co tunnel junction is 26%, higher than the 

experimental result (14%). The discrepancy could be due to spin-flip scattering at the 

interface, the leakage of the Ge spacer layer, and magnetic coupling between the 

ferromagnetic electrodes.127 

With the advancement of material growth techniques, MTJs have experienced 

widespread study. In 2007, Wei et al. fabricated a CoFeB/Al2O3/CoFeB structure 

using CoFeB as the ferromagnetic electrode, raising the room temperature TMR of the 

Al2O3-based MTJ structure to 81%.133 Currently, the highest recorded TMR value at 

room temperature is 604%, measured by Ikeda et al. in a CoFeB/MgO/CoFeB 

junction in 2008 (Figure 2.7c), which benefits from the excellent spin filter effect of 

the spacer MgO.129 On the other hand, the extensive research of 2D vdW materials, 

particularly the discovery of 2D vdW magnets, has provided new opportunities for the 

development of MTJs. 

 

2.5.3 Magnetism in two-dimensional materials 

The study of 2D magnetism can be traced back to a theoretical paper published 

by Onsager in 1944, which proved that a ferromagnet with a single-layer Ising model 

could possess long-range magnetic order.134,135 Due to the limitations of experimental 

equipment and technologies, 2D vdW magnetic materials were experimentally 

discovered late. Researchers tried to obtain 2D vdW magnetic materials by 
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introducing localized magnetic defects in graphene and TMDC.136,137 However, this 

approach is less appealing compared to the intrinsic magnetism in vdW materials. In 

2017, Huang et al. and Gong et al. observed intrinsic ferromagnetism in vdW 

monolayer CrI3 and vdW bilayer Cr2Ge2Te6, respectively, triggering an upsurge in 

experimental research on 2D intrinsic magnetic materials (Figure 2.8).138,139 

 

 

Figure 2.8 The discovery of 2D vdW magnetics CrI3 and Cr2Ge2Te6. (a) 

magneto-optic Kerr effect (MOKE) signal in monolayer (top), bilayer (middle), and 

trilayer (bottom) CrI3 flakes, indicating ferromagnetic (1L), antiferromagnetic (2L), 

and ferromagnetic (3L) behaviours, respectively. (b) Optical image of exfoliated 

Cr2Ge2Te6 atomic layers and Kerr rotation signals for the flakes at B = 0.075 T and 

different temperatures. Scale bar: 10 μm. (c) Normalized Kerr rotation angle as a 

function of temperature, at two different magnetic fields, 0.065 T (red circles) and 0.3 

T (blue squares), for 2L (left), 3L (middle) and 6L (right) Cr2Ge2Te6 flakes. The figure 

is reproduced from Ref.138,139. 

 

Different kinds of vdW magnetic materials have been discovered since then, 

a b

c
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such as the out-of-plane ferromagnetic semiconductor CrBr3, the antiferromagnetic 

semiconductor CrCl3, the out-of-plane ferromagnetic metals Fe3GeTe2 and Fe5GeTe2, 

the antiferromagnetic insulators XPS3 (X = Fe, Ni, Mn), the antiferromagnetic 

topological insulator MnBi2Te4.
140-145 Also, room-temperature ferromagnetism was 

discovered in the metal VSe2 grown on a MoS2 substrate by molecular beam epitaxy 

(MBE).146 Table 2.2 presents a selection of 2D vdW magnetic materials along with 

their physics properties.  

 

Table 2.2 Magnetic properties and crystal structures of vdW magnets. The table is 

reproduced from Ref.147. 

 

 

Unlike magnetic insulators and magnetic semiconductors, Fe3GeTe2 is one of 

the few vdW magnetic metals.142 Fe3GeTe2 has a space group P63/mmc with lattice 

parameters a = b = 3.991 Å, c = 16.33 Å (Figure 2.9a).148 A single layer of Fe3GeTe2 

consists of a Fe3Ge sublattice with Te atoms on both sides of Fe3Ge.149 The Fe atoms 
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in the Fe3Ge sublattice occupy two chemically distinct positions, which can be 

referred to as FeI and FeII. The FeI–FeI dumbbells are located at the centre of every 

hexagonal plaquette in the honeycomb lattice, composed of covalently bonded 

FeII and Ge atoms.149  

 

 

Figure 2.9 2D ferromagnet Fe3GeTe2. (a) The crystal structure of the Fe3GeTe2 

bilayer. (b) The angle-dependent anomalous Hall data of a Fe3GeTe2 Hall bar. The 

measurement geometry is displayed in the inset. (c) Reflective magnetic circular 

dichroism (RMCD) signal as a function of temperature for thin Fe3GeTe2 flakes. The 

error bars correspond to the standard deviation of the noise in the RMCD signal and 

the solid lines are least-squares criticality fits using the function α(1 − T/TC)β. (d) 

Carrier density and mobility of Fe3GeTe2 at different temperatures. The figure is 

reproduced from Ref.142,149,150. 
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In 2016, theoretical calculations suggested that Fe3GeTe2 has strong magnetic 

anisotropy and robust itinerant ferromagnetism.151 Later in 2018, Fei et al. and Deng 

et al. obtained few-layer Fe3GeTe2 flakes using a mechanical exfoliation method, 

independently.18,150 Fe3GeTe2 exhibits perpendicular magnetic anisotropy, which 

means that the easy axis of magnitization is along the c-axis (out-of-plane). As shown 

in Figure 2.9b, the coercive field increases simultaneously with the angle (θ) between 

the magnetic field (B) and the normal vector of the sample surface.142 The TC of 

Fe3GeTe2 increases with the thickness of the material. For bulk crystalline, TC is about 

210 K, but drops to 130 K for the monolayer (Figure 2.9c).150 Fe3GeTe2 can be grown 

by different methods, such as melting,152 chemical vapour transport (CVT),149,153,154 

and molecular beam epitaxy (MBE).142,155 For bulk Fe3GeTe2 grown by MBE, the 

carrier concentration increases with increasing temperature and can achieve 9.0×1019 

cm-3 at 300 K, while the mobility drops with increasing temperature (7.3 cm2V−1s−1 at 

room temperature, Figure 2.9d).142 Fe3GeTe2 is easily oxidized in air and the surface 

oxide layer forms antiferromagnetic coupling with Fe3GeTe2 and affects the magnetic 

hysteresis loop.156 

Fe3GaTe2 is another 2D vdW metallic ferromagnet, which was first grown by 

Zhang et al. via the self-flux method in 2022.130 Similar to Fe3GeTe2, Fe3GaTe2 also 

possesses a hexagonal P63/mmc space group structure with lattice parameters a = b = 

3.9860 Å and c = 16.2290 Å. It is worth noting that Fe3GaTe2 is the first discovered 

2D vdW intrinsic ferromagnets with a Curie temperature exceeding room temperature 

(TC > 350 K). At room temperature, Fe3GaTe2 exhibits a high saturation magnetic 
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moment (40.11 emu/g), large perpendicular magnetic anisotropy energy density (~ 

4.79 × 105 J/m3), and large anomalous Hall angle (3%), which make Fe3GaTe2 a 

compelling candidate as a 2D ferromagnetic platform for advanced spintronic 

devices.130 In our study, we employed few-layer Fe3GaTe2 as ferromagnetic electrodes 

to construct Fe3GaTe2/WSe2/Fe3GaTe2 MTJs and demonstrated room-temperature 

magnetoresistance (~ 85%) in all-vdW systems for the first time.157 This work is 

presented in Chapter 7.  
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Chapter 3  

Sample fabrication 

Two-dimensional (2D) layered materials can be combined into a virtually 

limitless number of van der Waals (vdW) heterostructures due to various degrees of 

freedom, such as the choice of materials, their stacking order and thickness, their 

lateral alignment, etc. This versatility makes them more adaptable than other 

conventional semiconductors. This chapter describes the fabrication techniques used 

to create the vdW heterostructures studied in the experiments. 

To fabricate functional devices based on vdW heterostructures, we used 

different methods based on traditional fabrication processes and 2D material transfer 

technology. The fabrication of metal electrodes on SiO2/Si substrates required the use 

of photolithography, electron beam lithography (EBL), and magnetron sputtering 

techniques. We also employed the polydimethylsiloxane-assisted (PDMS-assisted) 

deterministic transfer technique for the assembly of van der Waals layers. Also, a 

needle-assisted transfer method was utilized for the positioning of graphene 

microsheets. 

 

3.1 Photolithography 

Ultraviolet (UV) photolithography was used to fabricate metal electrodes on 

SiO2/Si substrates. UV photolithography uses UV light to pattern the desired 

geometric structure on a photoresist in order to transfer the mask pattern onto the 

substrate through following steps, such as evaporation and etching. UV 
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photolithography finds wide applications in modern semiconductor technologies and 

has greatly promoted the development of the integrated circuit manufacturing 

industry.158 

 

Figure 3.1 G-25 precision mask aligner at the Institute of Semiconductors, 

Chinese Academy of Sciences. 

 

UV photolithography involves three key elements: the mask aligner, the 

photoresist, and the mask. In the experiments conducted at the Institute of 

Semiconductors, Chinese Academy of Sciences, the G-25 precision mask aligner 

produced by Chengdu Xinnanguang Technology Co., Ltd. was used (Figure 3.1). The 

photoresist can be a positive or a negative resist. The positive resist becomes soluble 

in the developer solution after exposure, while the negative resist becomes insoluble. 

The positive resists used in our experiments include AZ6130 and S9200, while the 

negative resists include L-300 and 5200. The mask can be designed according to the 

corresponding pattern needed, with the patterns of positive and negative resists being 

complementary.  
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The main steps used in UV photolithography are as follows: 

1. Substrate cleaning: Sequentially clean the substrate with acetone, anhydrous 

ethanol, and deionized water, followed by heating and drying to remove water on the 

substrate surface.  

2. Spin-coating: Place the cleaned substrate on the spin coater's turntable, set 

the rotation speed and time, drop the photoresist on the substrate, and turn on the 

rotation switch. 

3. Pre-baking: Place the substrate on the hot plate for baking. The baking 

temperature and time depend on the type of photoresist used. The purpose of 

pre-baking is to evaporate the solvent in the photoresist while improving the adhesion 

of the photoresist onto the substrate. 

4. Exposure: Use a mercury lamp as the light source, and selectively expose the 

spin-coated substrate using UV light passing through the photomask. Under UV light, 

the photosensitive agent in the photoresist undergoes a photochemical reaction, and 

the positive resist undergoes a decomposition reaction that is soluble in the developer, 

while the negative resist undergoes a cross-linking reaction that is insoluble in the 

developer.  

5. Developing: After exposure, place the substrate in the corresponding 

developer for developing. At this time, only the exposed part of the positive resist is 

dissolved, while the exposed part of the negative resist does not dissolve, so that the 

pattern corresponding to the photomask can be obtained. 

6. Fixing: Place the developed substrate in the fixing solution to stop the 
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developing process and prevent over-developing from affecting the pattern accuracy.  

After developing and fixing, the substrate can undergo subsequent processing 

steps, such as etching and metal evaporation. Finally, the remaining photoresist on the 

substrate is dissolved to obtain the desired structure. 

 

3.2 Electron beam lithography  

Electron beam lithography (EBL) is a micro-nano processing technology that 

uses an electron beam onto a sample coated with electron resist to expose the desired 

pattern. Similar to the photoresist used in photolithography, EBL also requires the use 

of the corresponding electron beam resist, which can be positive or negative. The 

positive resist undergoes a decomposition reaction when irradiated by the electron 

beam, making it soluble in the developer solution; while the negative resist undergoes 

crosslinking and curing reaction when irradiated by the electron beam, making it 

difficult to dissolve in the developer solution and thus retained. 

EBL uses electron beams for lithography. According to de Broglie's matter wave 

theory, high-energy electrons correspond to waves of extremely short wavelengths, 

much smaller than the wavelengths of UV light used in photolithography. Therefore, 

compared with the UV photolithography process, EBL can achieve nanometer-scale 

exposure precision. Another significant advantage of electron-beam lithography is that 

it can directly write custom patterns. When using EBL, there is no need to prepare a 

specific mask, and any exposure pattern can be designed through a 

DesignCAD/KLayout software.  
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Figure 3.2 Examples of EBL devices fabricated at the University of Nottingham. 

(a-c) Design of (a) Hall bar, (b) two-terminal, and (c) van der Pauw patterns using the 

KLayout software. Scale bar: 200 μm. (d-f) Optical images of the fabricated (d) Hall 

bar, (e) two-terminal, and (f) van der Pauw metal electrodes on SiO2/Si substrates. 

Scale bar: 200 μm. 

 

Although the precision of EBL is high and the exposure pattern is not limited, 

the EBL process is time-consuming, which reduces efficiency and is not conducive to 

the fabrication of large-scale or high-volume devices. 

We used the Nanobeam nB5 EBL instrument at the Nanoscale and Microscale 

Research Centre (nmRC) in Nottingham to pattern metal contacts (Figure 3.2) and 

CVD-grown graphene samples. At the Institute of Semiconductors, Chinese Academy 

of Sciences, the EBL system consists of a scanning electron microscope (SEM) and a 

nanometer pattern generation system (Figure 3.3). The SEM is the JSM-6510 electron 

microscope manufactured by Japan Electron Optics Laboratory Company (JEOL). To 

fabricate the four-terminal electrodes in Fe3GaTe2 Hall devices, we used the EBL 

a
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system shown in Figure 3.3 and utilized the electron beam positive resist polymethyl 

methacrylate (PMMA). 

 

Figure 3.3 EBL system at the Institute of Semiconductors, Chinese Academy of 

Sciences. (a) The EBL system used in our experiments, including the SEM module 

and the nanometer pattern generation system module. (b) Schematic diagram of the 

EBL system. The figure is reproduced from Ref.159. 

 

3.3 Magnetron sputtering 

Magnetron sputtering is a physical vapour deposition (PVD) technique that we 

used to deposit metal thin films, such as Au/Ti (thickness 50 nm/5 nm) electrodes on 

SiO2/Si substrates. Under the electric field, electrons collide with argon atoms and 

ionize them, producing Ar+ ions and “secondary” electrons. The Ar+ ions are 

accelerated by the electric field towards the cathode target and bombard the target 

surface with high energy, causing the target material particles to sputter. Neutral target 

atoms or molecules then deposit on the substrate to form a thin film. Figure 3.4 shows 

the magnetron sputtering equipment manufactured by Syskey Technology Co., Ltd.. 

This was used at the Institute of Semiconductors, Chinese Academy of Sciences. 

a b
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Figure 3.4 Magnetron sputtering equipment. 

 

3.4 Mechanical exfoliation of vdW crystals 

We use the mechanical exfoliation technique to isolate thin flakes of 2D vdW 

crystals from their bulk counterparts. In this process, a bulk vdW crystal is placed on 

adhesive tape, which is then folded and unfolded. The process is repeated multiple 

times until thin flakes with only a few atomic layers are obtained (Figure 3.5a). The 

tape is then pressed against a piece of PDMS film, smoothed, and peeled off rapidly. 

As a result, a thin flake is then transferred to the PDMS film (Figure 3.5b).  

 

Figure 3.5 Mechanical exfoliation of vdW α-In2Se3. (a) α-In2Se3 stamped on 

adhesive tape. (b) Optical image of α-In2Se3 flakes on PDMS film. Scale bar: 10 μm. 

a b
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Mechanical exfoliation is a relatively simple and inexpensive technique that 

enables the production of high-quality, atomically thin flakes of vdW crystals. These 

thin flakes can be used to fabricate devices for electrical and optical studies. For this 

PhD thesis, a few-layer α-In2Se3, ε-GaSe, WSe2, hBN, and Fe3GaTe2 nanosheets were 

mechanically exfoliated from their bulk counterparts. The high-quality bulk α-In2Se3 

and ε-GaSe crystals were grown by the Bridgman method at the Institute for Problems 

of Materials Science, National Academy of Sciences of Ukraine by Professor Z. D. 

Kovalyuk and Dr Z. R. Kudrynskyi.60,160 The bulk single-crystal WSe2 and hBN were 

purchased from HQ Graphene, and the bulk Fe3GaTe2 material was grown by the 

self-flux methods at Huazhong University of Science and Technology, China by Prof. 

Haixin Chang.130 

 

3.5 Deterministic transfer of vdW flakes to make heterostructures 

We used a PDMS-assisted transfer method to assemble vdW heterostructures. A 

deterministic all-dry transfer set-up based on the technique detailed by 

Castellanos-Gomez et al.161 was used to control the position and alignment of the 

exfoliated vdW nanosheets. Figure 3.6a illustrates the core part of the deterministic 

transfer setup, the glass slide with the PDMS/In2Se3 film loaded onto a 

micromanipulator and a pre-patterned Si-substrate fixed on top of a copper plate by a 

double-sided tape. After the Si-substrate and the In2Se3 flake on the glass slide are 

aligned in the xy-plane, the In2Se3 flake is brought into contact with the substrate very 

slowly by adjusting the z-micrometer. The copper block on the stage can also be 
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rotated to aid the alignment. While monitoring the optical microscopic image on the 

computer screen continuously, the z-micrometer is then adjusted to peel off the PDMS 

from the substrate, which completes the transfer of the In2Se3 flake from the PDMS 

onto the SiO2/Si substrate. Figure 3.6b shows In2Se3 flakes on top of PDMS, and 

Figures 3.6c-d show the same In2Se3 flakes on top of a pre-patterned SiO2/Si-substrate 

after the dry transfer procedure described above. 

 

Figure 3.6 Deterministic transfer of In2Se3 flakes. (a) Diagram of the deterministic 

transfer setup. The target substrate is placed on a copper plate mounted on a 

motor-driven xy-stage, which can be controlled through a software. The exfoliated 

flakes on PDMS are attached on a microscope glass slide fixed with a transfer arm, 

which can be manually controlled to move in the x, y, z direction. (b) Image of In2Se3 

flakes on PDMS. (c) Image of the same In2Se3 flakes after transfer onto a Si substrate 

with a 285 nm-thick SiO2 layer. (d) Image of the same In2Se3 flakes with indicators of 

thickness, as derived from atomic force microscopy (AFM) studies. Scale bar: 10 μm. 

 

3.6 Needle-assisted transfer of graphene microsheets 

Adapted from Bie et al.,162 we have developed a site-specific transfer technique 

for individual graphene microsheets onto arbitrary substrates. The steps of the 
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needle-assisted transfer of graphene microsheets are briefly illustrated in Figure 3.7. 

In this method, thousands of graphene microsheets with a lateral dimension of 

10 μm × 40 μm are fabricated by EBL using CVD-grown graphene on a 300 nm thick 

SiO2 on Si substrate. After the EBL processing, the PMMA/graphene stack on SiO2/Si 

undergoes etching in a solution composed of Buffered Oxide Etch (BOE) and 

Hydrofluoric acid (HF) at a 5:2 ratio. Within a few minutes, the PMMA/graphene film 

starts floating on the surface of the etching solution, while the Si substrate sinks to the 

bottom. We then use a plastic boat to pick up the PMMA/graphene film and transfer it 

into DI water. The film is washed several times with DI water, following which a 

copper grid is used to carefully pick it up. After drying in an inert atmosphere 

overnight, the PMMA/graphene film is ready to use. 

 

 

Figure 3.7 Needle-assisted transfer of graphene. Schematic illustration of the 

needle-assisted transfer process of patterned graphene microsheets. The figure is 

reproduced from Ref.163. 
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We can transfer individual graphene microsheets onto a target substrate 

deterministically from the PMMA/graphene film. The copper grid containing the 

PMMA/graphene microsheets is fixed to the copper block in the transfer set-up, as 

described in Section 3.5. A glass fibre with a tip diameter of ~ 500 nm is attached to 

the transfer arm of the set-up. With the help of three-axis micromanipulators (x, y, z), 

the needle tip is carefully placed on one corner of the microsheet, which is then 

separated from the base membrane and attached to the needle for transfer onto a 

pre-patterned substrate. Following a successful transfer, the substrate with the 

graphene microsheet is heated at 120 ºC for 30 minutes on a hot plate, and then 

immersed in acetone for 30 minutes to remove the PMMA.  
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Chapter 4 

Characterization techniques 

This chapter describes the advanced characterization techniques used to study 

the vdW materials and devices investigated in the thesis. Atomic force microscopy 

(AFM) and piezoresponse force microscopy (PFM) were used to examine the surface 

topography, layer thickness, and ferroelectric properties. To examine optical and 

vibrational properties, micro-photoluminescence (μ-PL) and micro-Raman (μ-Raman) 

were used. The equipment for measuring electrical, magnetic and optoelectronic 

transports of devices based on 2D layered materials and their heterostructures are also 

presented. 

 

4.1 Atomic force microscopy and piezoresponse force microscopy  

Atomic force microscopy (AFM) can operate in vacuum, atmosphere, or even 

liquid, and can detect the surfaces of conductors, semiconductors, and insulators, 

making it an important tool for studying the surface morphology of nanomaterials.  

Figure 4.1a shows the AFM system used at the Institute of Semiconductors, 

Chinese Academy of Sciences, which is manufactured by Bruker Co., Ltd. The AFM 

system includes a vibration isolation platform, scanning tube, sample stage, 

microscope, controller, and computer. A graphical representation of the operating 

mechanism of the AFM can be seen in Figure 4.1b. The AFM detects the extremely 

weak interatomic forces between the sample and the probe to study the surface 

topography. For example, in order to obtain the topography, the scanning tube controls 
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the probe tip to move within a range close enough to the sample surface, detecting the 

interaction between the tip and the sample, which is called the detector signal. In 

order to relate the detector signal to the actual distance, a setpoint needs to be set in 

advance. When the scanning tube moves the probe into the imaging area, the system 

detects the detector signal and compares it with the setpoint. When they are equal, the 

scanning process begins. The scanning tube controls the probe to move accurately 

along the pre-set trajectory on the sample surface. When the probe encounters a 

change in the surface morphology, the interaction between the probe and the sample 

changes, resulting in a change in the detector signal. This difference between the 

detector signal and the setpoint is called the error signal. The z-axis feedback 

continuously compares the detector signal with the setpoint. If they are not equal, the 

height of the probe support is then adjusted so that the deflection is restored to the 

setpoint. At the same time, the software system uses the feedback signal to generate 

the scanning image, which equals the sample surface topography.  

AFM can be carried out via several scanning methods, such as the contact mode 

and tapping mode. The contact mode maintains a constant setpoint while the tip and 

sample interact with each other. This can generate a significant lateral force on the 

sample, which may cause damage or displacement of loosely bound materials. On the 

other hand, in the tapping mode, the tip oscillates at a resonance frequency close to 

the sample surface. The feedback electronics control the amplitude or phase of the 

oscillating cantilever to regulate the tip-sample distance. 

In this thesis, AFM was used to measure the thickness and surface morphology 
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of the exfoliated In2Se3, GaSe, Fe3GeTe2, and hBN layers. Different AFM set-ups 

were used, including MultiMode 8-HR AFM system (manufactured by Bruker) at the 

Institute of Semiconductors, Chinese Academy of Sciences and MFP-3D AFM system 

(manufactured by Oxford Instruments) at the University of Nottingham. 

 

 

Figure 4.1 AFM. (a) Bruker MultiMode 8-HR AFM system at the Institute of 

Semiconductors, Chinese Academy of Sciences. (b) A schematic diagram of AFM. 

 

Piezoresponse force microscopy (PFM) is a variant of AFM that allows the 

imaging and manipulation of piezoelectric/ferroelectric domains. This is achieved by 

bringing a sharp conductive probe into contact with a ferroelectric surface and 

applying an AC bias to the probe tip in order to excite a deformation of the sample 

through the converse piezoelectric effect. The resulting deflection of the probe 

cantilever is detected through a standard split photodiode detector method and then 

demodulated by the use of a lock-in amplifier. The experimental setup for PFM is 

shown in Figure 4.2. The left side of the scheme depicts a standard AFM setup. On the 

right side, the additional components for PFM operation are shown. In this way, 

a b
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topography and ferroelectric domains can be imaged simultaneously with high spatial 

resolution.164,165 

 

Figure 4.2 PFM. The left part illustrates a typical AFM configuration, while the right 

part exhibits the supplementary elements required for PFM functionality. The figure is 

reproduced from Ref.166. 

 

In the experiments, PFM was used to probe the intrinsic ferroelectric 

polarization of α-In2Se3, which was conducted by Dr Wenjing Yan (Nottingham 

Research Fellow) at the laboratory of Professor Oleg Kolosov at Lancaster University.  

 

4.2 Micro-photoluminescence and Raman spectroscopy 

Micro-photoluminescence (μ-PL) is an essential measurement technique to 

investigate optical transitions in semiconductors. Electron-hole pairs are generated 

when the sample is excited by a light source with photon energy greater than the 

bandgap. These electron-hole pairs can recombine via various available paths. For 

intrinsic semiconductors, which have no energy levels inside the forbidden bandgap, 
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electrons and holes recombine from the bottom edge of the conduction band and the 

top of the valence band, respectively.167 This transition can generate photons with an 

energy hν equal to the bandgap of the material Eg. Due to defects and impurities, new 

energy states appear in the forbidden gap, resulting in additional optical transitions at 

an energy hν smaller than Eg (as shown in Figure 4.3). The intensity of each transition 

versus energy hν represents the PL spectrum.168 This simple picture does not include 

other important phenomena, such as electron-hole Coulomb interactions leading to 

excitonic emissions. 

 

Figure 4.3 PL recombination processes. Schematics of the carrier recombination 

processes in PL for donor-acceptor, electron capture onto an acceptor, bound exciton, 

free exciton and band to band transitions. The shaded areas indicate the valence band 

and the conduction band, while the horizontal dotted lines mark the energy position of 

impurity states. Electrons (holes) are indicated by dark-shaded (hollow) dots. 

Undulated arrows indicate radiative recombination. Dashed curves highlight the 

Coulomb interaction. The figure is reproduced from Ref.168. 

 

Raman spectroscopy relies upon the inelastic scattering of photons, namely 
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Raman scattering. The laser light interacts with molecular vibrations, phonons or 

other excitations in the system, resulting in a change in the energy of the scattered 

photons. The shift in energy gives information about the vibrational modes in the 

system.168 

 μ-PL and Raman spectroscopy measurements were conducted at the University 

of Nottingham using a LabRAM HR-UV spectrometer equipped with a confocal 

microscope, excitation laser optics and a XYZ motorized stage. The samples were 

mounted on the XYZ motorized stage and excited either by a He-Ne (λ = 633 nm) or 

frequency doubled Nd:YVO4 (λ = 532 nm) laser. The laser beam was focused by an 

objective of a focal length of 1.8 mm and numerical aperture of 0.9 with 100× optical 

magnification. The μ-PL and Raman signals were dispersed by a grating of either 150 

g/mm or 1200 g/mm depending on the required wavelength range and spectral 

resolution, and were detected by a Si charge coupled device (CCD) (detection range 

from λ = 350 nm to 1100 nm). 

 

4.3 Electrical transport 

For the transport studies conducted at the Institute of Semiconductors, Chinese 

Academy of Sciences, we used the Model CRX-VF cryogenic probe station system 

manufactured by Lake Shore Cryotronics Co., Ltd (Figure 4.4). This system enables 

electrical transport studies with a magnetic field up to ±2.5 T over the temperature 

range from 8 K to 500 K. 
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Figure 4.4 The cryogenic probe station system. (a) Schematics of the core part of 

the cryogenic probe station system at the Institute of Semiconductors, Chinese 

Academy of Sciences. (b) Image of the cryogenic probe station system. 

 

The cryogenic probe station system includes a probe station, a cryogenic system, 

a superconducting magnet, a vacuum system, an imaging system, and external 

measurement instruments. The probe station contains six probe arms that can move in 

three directions, including four ordinary metal probe arms and two microwave probe 

arms. The cryogenic system consists of a liquid helium circulation compressor and 

two Lake Shore Model 336 temperature controllers, which can be adjusted within a 

temperature range of 8 K to 500 K. The superconducting magnet generates a magnetic 

field perpendicular to the sample surface, with a maximum value of ±2.5 T. The 

vacuum system consists of a mechanical pump and a molecular pump, which can 

achieve a high vacuum of 1×10-6 mbar. The sample stage can be observed by an 

imaging system, which comprises a CCD camera with adjustable magnification and 

focus, providing a spatial in plane resolution of about 5 μm. With the help of the 

imaging system, the probe can be easily moved and lowered until it contacts the 
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electrodes on the substrate. The external measurement instruments consist of a 

Keithley 2602B source meter and a Keithley 2182A voltmeter. The Agilent 

Technology B1500A Semiconductor Analyzer can also be used for current–voltage I–

V measurements with high precision and low noise. By combining the above 

components and using LabView software, the electrical transport properties of 

samples can be conveniently tested under different temperatures, magnetic fields, and 

voltages/currents. 

In Nottingham, a Keithley 2400 source meter was used to measure the current–

voltage characteristics of two terminal devices. For the source-drain current ISD–gate 

voltage VG measurements, the VG was applied by an additional Keithley 2400 DC 

voltage source, which was also used to measure the gate leakage current (IG) of the 

devices. The LabView software was used to control source meters and record 

experimental data. For low-temperature measurements, the sample was positioned in a 

cryostat linked to a liquid N2 container while a temperature controller from Lake 

Shore Cryotronics Co., Ltd was used to control and probe the temperature (range from 

100 K to 400 K). All transport measurements were conducted in a vacuum 

environment (~ 10-6 mbar).  

 

4.4 Photocurrent studies 

At the Institute of Semiconductors, Chinese Academy of Sciences, photocurrent 

measurements were acquired using an Agilent Technology B1500A Semiconductor 

Analyzer and a lock-in amplifier (SR830) with a light chopper. The continuous 
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spectrum from near-infrared to visible and UV range monochromatic illumination was 

provided by a Fianium WhiteLase Supercontinuum Laser Source and a Xe lamp, 

respectively. The output laser wavelength was tuned by an Omni-λ300 

monochromator.  

In Nottingham, unfocused laser beams of wavelength λ = 405 nm and λ = 633 

nm were used for the photocurrent measurements. The temporal dynamics of the 

photocurrent was investigated under constant bias voltage and illumination by a 

mechanically modulated He-Ne laser with wavelength λ = 633 nm and frequency f < 

200 Hz. The photocurrent signal was measured using a Tektronix DPO 4032 digital 

oscilloscope and a Keithley 2400 was used as a DC voltage source. The device was 

connected in series with a 1 MΩ resistor and the voltage on the 1 MΩ resistor was 

recorded using the oscilloscope with high time resolution (analog bandwidth ~ 350 

MHz). To generate photocurrent maps, the device was mounted inside a vacuum 

cryostat (~ 10-6 mbar) and positioned on a motorized stage with micrometre spatial 

precision. A confocal microscope system with a focal point diameter of around 1 μm 

was employed to focus the laser beam (λ = 405 nm and power up to 1 mW) onto the 

sample. The Keithley 2400 voltage source was connected to the device. The 

motorized stage moves the laser beam over the device's surface so that the resulting 

spatial maps of photocurrent are captured, highlighting the areas sensitive to light. 
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Chapter 5 

Van der Waals ferroelectric semiconductor junctions 

This chapter reports the electronic and optoelectronic properties of ferroelectric 

semiconductor junctions (FSJs) in which the ferroelectric van der Waals 

semiconductor α-In2Se3 is embedded between two single-layer graphene electrodes. In 

these two-terminal devices, the ferroelectric polarization of the nanometre-thick 

α-In2Se3 layer modulates the transmission of electrons across the 

graphene/In2Se3 interface, leading to memristive effects that are controlled by applied 

voltages and/or by light. The underlying mechanisms of conduction are examined 

over a range of temperatures and under light excitation revealing thermionic injection, 

tunnelling and trap-assisted transport.  

The α-In2Se3 bulk crystals were grown by Dr Zakhar Kudrynskyi and Prof. 

Zakhar Kovalyuk at The National Academy of Sciences of Ukraine. The exfoliated 

layers and devices were fabricated by myself, Dr Zakhar Kudrynskyi and Dr Nilanthy 

Balakrishnan. Transport measurements, optical studies and optoelectronics 

experiments were conducted by myself. Dr Eli Castanon, Prof. Oleg Kolosov and Dr 

Wenjing Yan conducted piezoresponse force microscopy (PFM) studies at Lancaster 

University. The results presented in this chapter were published in 2D Materials 8, 

045020 (2021). 
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5.1 Introduction 

Amongsts 2D ferroelectrics, the vdW semiconductor α-In2Se3 has emerged as a 

promising material due to its room temperature in-plane (IP) and out-of-plane (OOP) 

ferroelectricity80,89,108,113 and low coercive electric field12,113 (~ 107 V m−1). Its use in 

2D ferroelectric devices has been reported and includes ferroelectric field effect 

transistors (FeFETs) with the ferroelectric semiconductor serving as conducting 

channel97,99,120,122,169,170 or dielectric gate109,119,171, and ferroelectric semiconductor 

junctions (FSJs) based on a thin α-In2Se3 layer embedded between single-layer 

graphene and few layer graphene electrodes.113 The geometry of the FSJ is well suited 

to miniaturization and low-power applications. Furthermore, the conductivity 

properties of a ferroelectric semiconductor can be modified by temperature and light, 

providing broad prospects for applications of ferroelectric devices.  

Here, we report on FSJs based on the ferroelectric vdW semiconductor α-In2Se3 

embedded between two single-layer graphene electrodes. In the FSJ, the polarization 

of the nanometer-thick In2Se3 layer is controlled by a voltage applied between two 

graphene electrodes, thus modifying the Schottky-like barrier at the graphene/In2Se3 

interface: the change in the height of the barrier modulates the transmission of 

electrons across the interface, leading to memristive effects.113 We show that this is a 

robust process over a wide range of temperatures, below and above room temperature. 

Also, it can be modified by a relatively small applied voltage (~ 1 V) and by light: 

The free carriers generated by light and/or thermionic injection can neutralize the 
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polarization charges at the graphene/α-In2Se3 interface and influence the hysteretic 

behaviour in the electrical transport, offering opportunities for future developments. 

 

5.2 Characterization studies of α-In2Se3  

For our studies we focus on the α-phase of In2Se3, which is ferroelectric at room 

temperature with a Curie temperature TC above 500 K.13,108 Amongst the different 

crystalline phases of In2Se3, the α-phase exhibits either a rhombohedral (3R) or a 

hexagonal (2H) crystal structure.107,172 For both structures, the single vdW In2Se3 layer 

consists of five atomic layers stacked in the sequence Se–In–Se–In–Se (1 quintuplet 

layer, QL) that exhibits reversible spontaneous electric polarization in both OOP and 

IP orientations.14,108,113 The asymmetric position of the Se-atoms inside each QL 

breaks the centro-symmetry of the crystal, providing two degenerate energy states 

with opposite OOP polarization and in-plane asymmetry. To reverse the OOP 

polarization, the middle Se-atom must move along the c-axis and in the ab-plane, 

leading to a break up and reconfiguration of the In-Se covalent bond.89,99,108 

Figure 5.1a shows the room temperature (T = 300 K) micro-Raman spectra of 

an α-In2Se3 film (t = 200 nm) embedded between two graphene electrodes. The 

positions of the Raman lines do not change with the applied voltage and coincide with 

those reported in the literature for 2H α-In2Se3.
107,172,173 In the Raman spectra, the A1 

and A'1 modes correspond to the vibration in the OOP direction, and the Eg mode 

corresponds to the IP vibration (Figure 5.1b).174 The photoluminescence (PL) 

emission (T = 300 K) for bulk α-In2Se3 (t = 200 nm) is shown in Figure 5.1c.  
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Figure 5.1 Raman and PL characterizations of α-In2Se3. (a) Room temperature (T 

= 300 K) micro-Raman spectra for α-In2Se3 (t = 200 nm) embedded between two 

graphene electrodes at different biases. The spectra are acquired with laser light of 

wavelength λ = 633 nm and power Pi ~ 10-6 W. (b) Atomic displacements of In2Se3 

vibrational modes. The figure is reproduced from Ref.174. (c) Representative PL 

spectrum for bulk α-In2Se3 (T = 300 K).  

 

 

Figure 5.2 PFM measurements of α-In2Se3. PFM amplitude (a) and phase (b) 

images of a 36 nm thick α-In2Se3 flake on a Si-substrate. The large square shows the 

PFM amplitude and phase contrast of an area of the flake after a +5 V electric poling. 

The signals for the small square show that the polarization can be switched back using 

an applied voltage with opposite polarity (-9 V). Scale bar: 1 m. 

 

PFM measurements of α-In2Se3 films were conducted using a commercial 

scanning probe microscope in ambient atmosphere. Figure 5.2 shows the PFM images 

of a 36 nm thick α-In2Se3 flake on a Si-substrate. DC bias voltages between the tip 
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and the sample surface were applied to switch the polarization of ferroelectric 

domains. The large square shows the PFM amplitude and phase contrast of an area of 

the flake after a +5 V electric poling. The amplitude and phase signal within the small 

square show that the polarization can be switched back using a voltage with opposite 

polarity (-9 V), suggesting an OOP ferroelectric polarization. 

 

5.3 Ferroelectric semiconductor junctions in the dark 

5.3.1 Transport characteristics 

The OOP polarization of α-In2Se3 is important for the miniaturization of 

electrical components that require vertical device architectures, such as the FSJ. Our 

graphene/In2Se3/graphene vdW heterostructures are assembled by exfoliation and 

mechanical stamping of nanometer-thick vdW layers (see Chapter 3 Sample 

fabrication). The optical image and schematics of the band alignments for a FSJ with 

a 30-nm-thick α-In2Se3 layer are illustrated in Figures 5.3a and 5.3b. Under a voltage 

applied between the two graphene electrodes of the FSJ, electrons are injected from 

the negatively biased graphene electrode onto the α-In2Se3 layer and collected at the 

second graphene electrode (Figure 5.3a). For an electric field larger than the coercive 

field, the ferroelectric layer becomes polarized and the polarized charges at the 

graphene/α-In2Se3 interface shift the Dirac cone of graphene relative to the conduction 

band (CB) of α-In2Se3, thus lowering (Figure 5.3bi) or increasing (Figure 5.3bii) the 

potential barrier seen by electrons. The polarization charges decrease the potential 

barrier at one interface, while they increase it at the other interface. Also, the applied 
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voltage creates an asymmetry in the junction so that the interface between the 

negatively biased graphene electrode and the α-In2Se3 barrier dominates: once electrons 

are injected across the first interface, they travel throughout the ferroelectric layer 

reaching the second interface with graphene where there are available empty states 

(Figure 5.3a). For an electric field larger than the coercive field, the potential barrier 

seen by the electrons at the first interface decreases. This leads to increased 

transmission of electrons throughout the device, causing resistance switching and 

memristive behaviours. 

The current–voltage |I|–V curves of the FSJ reveal counter-clockwise loops at T 

= 100 K (Figure 5.3c) and T = 300 K (Figure 5.3d): the amplitude of the current is 

larger when sweeping the voltage from high to low positive V (or from high to low 

negative V). The applied voltage is critical to the observation of the hysteretic 

behaviour in I–V. As shown in Figure 5.3e, the counter-clockwise loop becomes more 

pronounced at larger V. Weaker clockwise loops are instead observed at low V. For 

the device of Figure 5.3, a voltage V = 1 V corresponds to an electric field E = V/t > 

0.3 × 108 V/m, where t  30 nm is the thickness of the α-In2Se3 layer.  

The transport properties of the FSJ are further probed by monitoring the 

temporal dependence of the current under different applied voltages and electric 

poling conditions of the FSJ. The current measured at a low bias (V = +0.5 V) takes 

different values following a poling of the FSJ at a larger positive or negative voltage 

(see Figure 5.3f for poling at V = +1.5 V). The initial resistive state can be resumed by 

applying a negative (or positive) bias after poling at V > 0 (or V < 0) (Figure 5.3f).  
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Figure 5.3 Ferroelectric semiconductor junction, FSJ. (a) Optical image (top) and 

schematics (bottom) of the graphene/In2Se3/graphene junction and its band diagram. 

Scale bar: 5 μm. The thickness of the α-In2Se3 layer is t = 30 nm. The crystal structure 

of the single layer is reproduced from ref.172. (b) Schematic of the FSJ at equilibrium 

for opposite ferroelectric polarizations P. The dashed line sketches the potential 

profile for P = 0. (c-d) Current-voltage |I|–V curves at low (T = 100 K) and room (T = 

300 K) temperature showing counter-clockwise loops. The bottom layer graphene is 

grounded and a positive/negative voltage is applied to the top-graphene electrode. The 

|I|–Vs are asymmetric with respect to the polarity of V, suggesting two non-equivalent 

interfaces and larger electron transmission from the bottom to the top graphene 

electrode.  (e) I–Vs for different V-ranges (T = 300 K). (f) Temporal dependence of I 

at different V. After poling at V = +1.5 V, the FSJ switches to a lower resistive state. 

This can be erased by a negative voltage V = -1.5 V (T = 300 K).  

 

A large electric field is required to induce a ferroelectric polarization in α-In2Se3  

by displacements of the In- and Se-atoms within each vdW layer. The calculated 

amplitude of the electric dipoles is 0.11 and 0.03 eÅ per α-In2Se3 unit cell for the two 

oppositely polarized configurations, influencing the atomic orbitals and energy band 

alignments at the graphene/α-In2Se3 interface: the chemical potential in graphene 
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moves upward or downward according to the sign of the polarization charges so that 

more or fewer electrons can transverse the junction.89 At low T (Figure 5.3c), the 

steeper increase of the current at V > 1 V suggests a switchable polarization of the 

ferroelectric layer, thus increasing the current throughout the junction; this behaviour 

is also observed at room temperature, but it is less pronounced (Figure 5.3d). 

 

5.3.2 Transport mechanisms: thermionic injection and tunnelling 

We probe the mechanisms of conduction in the FSJ and the robustness of the 

memristive behaviour against a rising temperature by considering the I–Vs over a 

range of temperatures from T = 100 K to T = 380 K. As shown in Figure 5.4a, the 

counter-clockwise loop in I–V persists above T = 300 K, although is significantly 

reduced at T = 340 K. For T < 150 K, the current and hysteretic behaviours are weakly 

dependent on T; in contrast, at higher temperatures, the current tends to increase 

exponentially with T, following a dependence described by I ~ exp(-Ea/kBT), where kB 

is the Boltzmann constant and Ea is an activation energy (Figure 5.4b). From the 

Arrhenius plots of Figure 5.4b, we extract the value of Ea and its dependence on V 

(Figure 5.4c): with increasing V, Ea first decreases, reaches a constant value between 

V ~ 0.5 V and V ~ 1 V, and then it decreases for V > 1 V. 

The temperature dependence of the current suggests a contribution to the 

transport from the thermionic injection of electrons from the graphene electrode onto 

the CB of α-In2Se3 (Figure 5.4ci). For thermionic injection, the emission current 

density can be described as J=Js[exp(qV/kBT)-1],175 where Js = A*T2exp(-qB/kBT), A* 
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is the effective Richardson constant, q = e is the elementary electron charge, and qB 

is the Schottky barrier height at the graphene/semiconductor interface. The current is 

thermally activated with an activation energy Ea that increases with decreasing V 

extrapolating to qB at V = 0. As shown in Figure 5.4c, our FSJs reveal this 

dependence at low V with Ea = qB = (0.38 ± 0.01) eV at V = 0.  

The Schottky barrier model is in agreement with that expected from density 

functional theory for a graphene/α-In2Se3 interface.89 However, the graphene/α-In2Se3 

interface does not behave as a simple Schottky contact. The constant value of Ea with 

increasing V from V ~ +0.5 V to V = +1 V followed by a steep decrease for V > +1 V 

(Figure 5.4c) cannot be explained by thermionic injection. On the other hand, under a 

large applied electrical field, electrons can tunnel from the electrode onto the CB of 

α-In2Se3 through a triangular potential barrier (Fowler-Nordheim tunnelling, Figure 

5.4cii), causing a weaker dependence of the current on temperature than for 

thermionic injection. Furthermore, as the voltage increases beyond the coercive field, 

the polarization charges at the graphene/α-In2Se3 interface induce an effective 

lowering of the Schottky barrier (Figure 5.4ciii). This can account for the decrease of 

Ea at high V and the corresponding increase of conduction in the low-resistive 

ferroelectric state of the FSJ. In summary, the modulation of the graphene/α-In2Se3 

interface by polarization switching can be modelled as a tuneable Schottky barrier: a 

change in the height of the barrier modulates the transmission of electrons across the 

FSJ. At low T (< 150 K) charge injection is dominated by tunnelling, whereas thermal 

injection becomes more prominent as the temperature increases above T = 150 K. The 
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reduced memristive effects with increasing T arise from the increased current in the 

FSJ acting to diminish the polarization of α-In2Se3.  

 

 

Figure 5.4 Conduction mechanisms in FSJs. (a) Current–voltage I–V curves at 

different temperatures T for a FSJ with an α-In2Se3 layer of thickness t = 30 nm. Inset: 

T-dependence of I at V = +1.5 V. (b) Arrhenius plot of I versus 1/kBT at different V. 

The values of the current are obtained from part (a) along the I–V trace from 0 to +1.5 

V. (c) Activation energy Ea versus V. The dashed line is a guide to the eye showing 

the extrapolation of Ea to the Schottky barrier height eB at V = 0. The shaded areas 

identify regimes of voltages for (i) thermionic injection, (ii) tunnelling and (iii) 

ferroelectric polarization switching. 

 

We have examined FSJs with different layer thickness (Figure 5.5). All devices 

show similar hysteretic behaviours in the electrical transport (Figures 5.4a and 5.5a). 

Although the transmission of electrons by direct tunnelling is reduced in thicker layers, 

trap-assisted tunnelling can dominate at high applied voltages. Under a large applied 

electrical field, the conduction electrons in the α-In2Se3 layer can acquire sufficient 

energy to ionize charge trap sites, generating additional electrons by inelastic 

collisions. Electron emission from traps is also influenced by the electric field due to 
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Poole-Frenkel emission.175 Carrier traps can arise from In-vacancies and/or residual 

n-type dopants that reside in the interlayer gaps of α-In2Se3. Their existence is 

supported by Hall effect measurements of bulk α-In2Se3, giving a Hall electron 

density of up to n = 4.9×1017 cm−3 at T = 300 K.  

 

Figure 5.5 Conduction mechanisms in thick FSJs. (a) Current–voltage I–V curves 

at different temperatures T for a FSJ with an α-In2Se3 layer of thickness t = 200 nm. 

(b) Arrhenius plot of the current versus 1/kBT at different V. (c) Activation energy Ea 

versus V. The dashed line is a guide to the eye showing the extrapolation of Ea to the 

Schottky barrier height eB at V = 0. The shaded and non-shaded areas identify 

regimes of voltages described by (i) thermionic injection of electrons from graphene 

onto the conduction band of α-In2Se3; (ii) trap-assisted tunnelling and (iii) impact 

ionization of traps at large electric fields. 

 

Trap states can exist over a continuous energy range, thus accounting for almost 
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a continuous change in the activation energy from ~ 0.1 eV to 0.3 eV with increasing 

V from +1 V to +3 V (Figure 5.5c): as V increases, electrons from the deeper energy 

states are ionized and transmitted throughout the junction, thus increasing the current. 

The additional conduction electrons generated at high electric fields can neutralize the 

polarization charges at the graphene/α-In2Se3 interface. The ionization of impurities 

and/or defects at high electric fields and/or temperature is pivotal to the operation of 

FSJs, requiring optimization of the doping properties of the ferroelectric 

semiconductor. We note that the thermal excitation of electrons from the valence band 

to the conduction band of α-In2Se3 creates free carriers whose density depends on the 

bandgap energy (Eg) and temperature (Eg = 1.4 eV at 300 K). The thermal activation 

energy for this process is significantly larger than that derived from the thermally 

activated behaviour of the current in the FSJs (Figures 5.4c and 5.5c). Thus, we infer 

that the intrinsic thermal excitation of carriers can be neglected. 

 

5.4 FSJs under light illumination 

Light provides a non-invasive method for switching ferroelectric properties and 

probing ferroelectrics120,176-180: The built-in electric field due to the ferroelectric 

polarization can induce photovoltaic effects176,178 and modify the ferroelectric 

polarization by screening of polarization charges179. Here, we examine 

light-polarization interactions in our FSJs using laser light of energy hv = 1.96 eV (l = 

633 nm) above the bandgap of α-In2Se3 (Eg = 1.4 eV at 300 K). In these experiments the 

FSJ is illuminated through the transparent top graphene electrode. 
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As shown in Figure 5.6, an increasing laser power Pi induces a positive 

photocurrent I and reduces the hysteretic loops in I–V. We examine the photoresponse 

of the FSJ by considering the dependence of the photoresponsivity, R =I/Pi, on V and 

Pi for two FSJs with different layer thicknesses (t = 30 and 200 nm in Figures 5.7a, 5.7c 

and 5.7b, 5.7d, respectively). As can be seen in Figure 5.7, for both FSJs R increases by 

several orders of magnitude with increasing V and is larger at low powers.  

 

 

Figure 5.6 FSJs under light. Current–voltage I–V in the dark (black) and under laser 

light (blue) of energy hv = 1.96 eV (λ = 633 nm) and power (a) P0/104, (b) P0/102, and 

(c) P0 for a FSJ with t = 30 nm (T = 300 K, P0 = 10-8 W). Inset, (a) panel: illumination of 

the FSJ from the top graphene electrode. Inset, (c) panel: I–Vs with and without light. 

 

At first glance, the photoresponse of the FSJ can be understood by considering 

the dynamics of photocreated carriers (Figure 5.7e). Under an applied voltage V, 

electrons and holes that are photoexcited in the α-In2Se3 layer are swept by the 

electric field in opposite directions and extracted at the graphene electrodes (Figure 

5.7ei) to generate a photocurrent I=[etαPi/hv]l/t, where α is the absorption 

coefficient of α-In2Se3 at the photon energy hv, t is the thickness of the α-In2Se3 layer, 

and l /t is the ratio of the minority carrier lifetime (l) and transit time (t) of majority 

carriers in α-In2Se3. In these FSJs, the majority carriers are electrons due to residual 
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n-type doping of α-In2Se3 (n = 4.9×1017 cm−3 at T = 300 K). Thus, we express R as 

R=I/Pi=[etα/hv]l /t and the external and internal quantum efficiencies as EQE = 

R(hv/e) = [tα]l /t and IQE = l /t, respectively. These relations indicate that large 

values of R, EQE and IQE are achieved if the lifetime of holes is longer than the 

transit time of electrons.   

 

Figure 5.7 Photoresponsivity of FSJs. (a,b) Photoresponsivity (R) versus voltage (V) 

at different powers Pi for laser light of energy hv = 1.96 eV (l = 633 nm) and FSJs with 

t = 30 nm (a) and 200 nm (b) (T = 300 K). (c,d) R versus Pi for different V and FSJs with 

t = 30 nm (c) and 200 nm (d) (T = 300 K). Lines are fits to the data by a power 

dependence. (e) (i) Photogenerated electrons and holes and their separation by the 

electric field of the FSJ; (ii) capture of minority carriers (holes) by traps; (iii) impact 

ionization of traps. 
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As shown in Figures 5.7c and 5.7d, R follows a power dependence described by 

Pi
β with β = -0.48  0.02 for t = 30 nm and β = -0.71  0.03 for t = 200 nm. The largest 

values of R (up to R = 106 A/W) are reached for low Pi = 10-12 W. For t = 30 nm, V = +1 

V and α = 106 m-1 at hv =  eV, we estimate that l /t decreases from   × 106 to ~ 

 × 104 with Pi going from 10-12 W to ~ 10-8 W. A value of l /t = 2 × 106 corresponds to 

a large internal gain with IQE =  × 106, EQE = R[hv/e] = 7 × 104 and D* = R(A/2eI)1/2 

~ 5 × 1011 m/Ws-1/2, where A = 20 m2 is the area of the device and I = 0.8 A is the 

dark current at V = +1 V.   

The decrease of R, EQE and D* with increasing Pi is similar to that reported for 

other 2D materials47,49,55,181 and can be accounted for by the decrease of l t with 

increasing Pi due to either a decrease of l and/or an increase of t with increasing Pi. 

The transit time of majority electrons can increase with Pi due to enhanced carrier 

scattering. The lifetime of minority holes is limited by Shockley–Read and surface 

recombination and is reduced at high carrier densities (or high Pi) due to Auger 

recombination.175 The dependence of R on Pi is more pronounced in the thicker FSJs, 

suggesting a stronger contribution from trap-assisted carrier recombination (Figure 

5.7eii). All our FSJs reveal a similar high, fast temporal photoresponse. Figure 5.8a 

shows the temporal dependence of the current under illumination of an FSJ with t = 200 

nm. The rise (r) and decay (d) times of the current are derived from an exponential fit 

to the data (Figure 5.8b): they are both relatively short (0.1 - 1 ms) with d >r and both 

decreasing with increasing V and/or Pi.  
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Figure 5.8 Modulation of the photocurrent in FSJs. (a) Temporal dependence of 

the current under illumination by a laser with wavelength λ = 633 nm, power P0 = 10-7 

W and frequency f < 200 Hz at different voltages V = +1 V, +3 V. (b) V-dependence 

of the rise (r) and decay (d) times of the current at P0 = 10-7 W and P0 /10. The rise 

times are marked in blue and the decay times are marked in red. Lines are guides to 

the eye. Insets: Exponential fit (lines) to the time-dependence of the current (points) to 

obtain r and d at P0 = 10-7 W and V = +3 V.  

 

We examine the data on photoresponsivity under different applied voltages and 

powers to examine the role of the ferroelectric polarization on the photoresponse of the 

FSJs. The photoresponsivity increases by several orders of magnitude with increasing V 

(Figures 5.7a and 5.7b), reaching values comparable to or higher than those reported for 

other In2Se3-based devices in the literature.56,111,115 The strong dependence of the 

photocurrent on V is also seen in tunnel junctions without the ferroelectric layer,47 

suggesting that the ferroelectric polarization of the In2Se3 layer does not play a critical 

role in the high values of R or in the dependence of R on V. The high photoresponsivity 

of the FSJ is primarily caused by a large internal gain and is not influenced by 
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polarization charges at the graphene/α-In2Se3 interface. On the other hand, 

photocreated carriers act to neutralize polarization charges, reducing the hysteresis 

loops in I–Vs (Figure 5.6).  

 

5.5 α-In2Se3-capped graphene field effect transistors 

To further investigate the interfacial electronic interactions and charge transfer 

at the α-In2Se3/graphene interface, we fabricated α-In2Se3-capped graphene field 

effect transistors (GFET), see the schematic and optical image in Figure 5.9a. A 

monolayer graphene flake is transferred onto a 300 nm SiO2/Si substrate, which 

serves as the back gate. Two pre-patterned 100 nm/10 nm Au/Ti electrodes are used to 

contact the monolayer graphene layer, defining the source and drain of the FET. A 

20-nm-thick α-In2Se3 is exfoliated on top of the graphene layer with an overlap area 

of 80 μm2. The α-In2Se3 and monolayer graphene flakes are encapsulated by a large 

area hBN flake. 

The transfer characteristics of the α-In2Se3-capped GFET are measured at room 

temperature (T = 300 K). As shown in Figure 5.9b, the current–voltage ISD–VG curves 

illustrate that the applied voltage required to reach the Dirac point shifts from VG
D= 

+17 to +27 V going from the forward to the backward sweeping of VG. The positive 

value of VG
D indicates that graphene is p-type; also, the clockwise hysteresis of the 

transfer curve indicates the existence of defects at the graphene/In2Se3 interface.182,183 

When a positive voltage is applied on the back gate, electrons are induced in the 

graphene channel. Some of these electrons can get trapped onto crystal defects in the 
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α-In2Se3 or at its interface with graphene. This localized charge is released slowly and 

acts as a negative “top gate” to induce holes in graphene. As a result, the ISD - VG 

curve shifts towards positive VG for the backward sweeping. 

 

 

Figure 5.9 α-In2Se3-capped GFETs. (a) Schematic (i) and optical image (ii) of an 

α-In2Se3-capped GFET. Scale bar: 10 μm. (b) Gate voltage dependence of 

source-drain current of an α-In2Se3-capped GFET. The ISD - VG curves show a 

hysteresis between forward (blue) and backward (red) sweeps of VG. (c) Resistance - 

VG curve of the backward (red) sweep of VG. The curve is convoluted by two distinct 

curves, contributed by pristine graphene and α-In2Se3-capped graphene, respectively. 

 

Using the capacitance model for the FET184, the carrier density of graphene can 

be estimated by 𝑛 = 𝐶SiO2
VG

D/e, where 𝐶SiO2
= 𝜀𝜀0/𝑑 = 1.15 × 10−4 F/m2 is the 

capacitance per unit area of the graphene/SiO2/Si heterostructure, e is the elementary 

charge, d = 300 nm is the SiO2 layer thickness, 𝜀 = 3.9 is the relative dielectric 
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constant of SiO2, and 𝜀0 is the permittivity of free space. At VG = 0, the graphene 

hole density 𝑝 increases from 1.2 × 1012 cm−2  to 1.9 × 1012 cm−2  going from 

the forward to the backward sweeping of VG. The Fermi level relative to the Dirac 

point can be estimated by 𝐸F = 𝑣Fℎ√𝑛/4𝜋, where 𝑣F  = 106 m/s is the Fermi 

velocity and ℎ is the Planck constant. At VG = 0, the Fermi level of graphene before 

and after sweeping lies at 0.13 eV and 0.16 eV below the Dirac point, respectively. 

Comparing backward and forward transfer curves near the graphene Dirac point, it 

can be seen that the slope dI/dVG decreases, which indicate a reduction in carrier 

mobility due to charged impurities. As shown in Figures 5.9c, the backward transfer 

curves can be convoluted by two distinct curves that we assign to two types of 

graphene: pristine graphene (VG
D = +8 V) and α-In2Se3-capped graphene (VG

D = +30 

V). 

To obtain a better understanding of the graphene defects and charge transfer 

mechanism, we measured the transport characteristics of the α-In2Se3-capped GFET 

under illumination with laser light of energy hv = 1.96 eV (l = 633 nm) above the 

bandgap of α-In2Se3 (Eg = 1.4 eV at 300 K). Similar to other graphene hybrid 

photodevices185-187, carriers photocreated in α-In2Se3 can transfer into the graphene 

layer, leading to a change of conductivity and enhanced photoresponse of graphene. 

As shown in Figure 5.10a, following light illumination, the ISD - VG curve shifts to 

positive VG; this shift increases with increasing light power, indicating a light-induced 

p-doping effect of graphene. When the GFET is under light illumination, 

electron-hole pairs are generated in the α-In2Se3 layer. Because of the band bending at 
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the α-In2Se3/graphene interface (Figure 5.10ci), holes in the α-In2Se3 layer are more 

easily transferred to graphene while electrons tend to become localized on defects in 

the α-In2Se3 layer. As a result, the α-In2Se3 layer acts as a negative photogate and 

“pull down” the Fermi level of graphene (Figure 5.10cii), causing the transfer curves 

to shift to more positive VG
D -values (Figure 5.10a).  

 

 

Figure 5.10 α-In2Se3-capped GFETs under light. (a) Source-drain current versus 

gate voltage VG under different laser power (l = 633 nm). The gate voltage is 

increased from 0 to +50 V. (b) Source-drain current versus gate voltage VG under 

different laser power (l = 633 nm). The gate voltage is decreased from +50 V to 0. (c) 

Band diagrams of the In2Se3/graphene heterostructure at VG = 0 (i) in the dark and (ii) 

under light. (d) The shift of the Fermi level of graphene at VG = 0 as a function of the 

laser power (l = 633 nm). Inset: The shift of the graphene Dirac point ΔVG
D in the 

ISD–VG curves as a function of the laser power (l = 633 nm). 
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Using the capacitance model mentioned above, we can quantitatively investigate 

the value of the graphene Fermi level at VG = 0. As the light power increases from 

0.03 nW to 0.3 μW, the “pull down” value ΔEF of the graphene Fermi level at VG = 0 

increases from ~ 9 meV to 48 meV (Figure 5.10d). It can also be inferred that the 

number of electrons trapped in the α-In2Se3 layer saturates at high laser powers, 

leading to a corresponding saturation of ΔEF. Similar to Figure 5.9c, we can convolute 

the transfer curve by two distinct curves, one associated to pristine graphene (the left 

peak), which is weakly affected by light, and one due to α-In2Se3/graphene (the right 

peak) that shifts under light (Figure 5.10b).  

 

5.6 Summary 

In conclusion, the polarization of the ferroelectric vdW semiconductor α-In2Se3 

can be manipulated by applying a voltage across the two graphene electrodes of a 

graphene/α-In2Se3/graphene junction. This acts to modify the Schottky barrier at the 

graphene/α-In2Se3 interface: a change in the height of the barrier modulates the 

transmission of electrons across the interface, leading to memristive effects. This is a 

robust process over a wide range of temperatures. However, it can be influenced by 

ionization of defects and impurities that reside in n-type α-In2Se3, a phenomenon that 

tends to weaken the memristive effect. The additional free carriers generated by 

impact ionization, tunnelling and thermionic injection can neutralize the polarization 

charges at the graphene/α-In2Se3 interface and influence the hysteretic behaviour in 

the electrical transport. Light provides an effective route for modifying electronic 

https://en.wikipedia.org/wiki/Ferroelectric
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properties and memristive effects. In particular, the FSJs reveal a high 

photoresponsivity and fast modulation of the photocurrent that exploit the optical 

absorption properties of α-In2Se3 and its favourable interface with graphene for charge 

extraction. Further research into device design, mechanisms and fabrication are 

crucial for reliable, optimized and predictable memristive behaviours and 

graphene-based vdW heterostructures with ferroelectric tunnelling barriers. Also, the 

development of ferroelectric semiconductors with controlled n- and p-type doping is 

critical to future implementation of ferroelectrics in multi-functional devices. 
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Chapter 6  

Van der Waals interfaces for photodetection 

This chapter reports a multi-layer junction that combines single-layer graphene 

and vdW semiconductors (p-GaSe and n-In2Se3) with strong optical absorption in the 

ultraviolet range. The junctions have broadband spectral response (0.3-1.0 μm) and 

high photoresponsivity under forward and reverse bias, or without any externally 

applied voltage. The photoresponse differs from that of a traditional pn-junction diode 

as it is governed by charge transport across thin layers and light-current conversion at 

three vdW interfaces (e.g. the graphene/GaSe, GaSe/In2Se3 and In2Se3/graphene 

interfaces). The type-II band alignment at the GaSe/In2Se3 interface and electric field 

at the three vdW interfaces are beneficial to suppress carrier recombination for 

enhanced photoresponsivity (up to ~ 102 A/W) and detectivity (up to ~ 1013 Jones), 

beyond conventional UV-enhanced silicon detection technology.  

The In2Se3 and GaSe bulk crystals were grown by Dr Zakhar Kudrynskyi and 

Prof. Zakhar Kovalyuk at The National Academy of Sciences of Ukraine. The 

exfoliated layers and devices were fabricated and modelled by myself and two 4th year 

undergraduate students under the supervision of Prof. Amalia Patanè. Transport 

measurements, optoelectronics experiments and optical studies were conducted by 

myself. The results presented in this chapter were published in npj 2D Materials and 

Applications 6, 61 (2022). 
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6.1 Introduction 

Photodetectors have potential for several applications, ranging from 

communication, aerospace and military technologies to pharmaceutical research.42,188  

However, high-performance photodetection that extends into the ultraviolet (UV) 

range has proven to be challenging. Traditional Si-based thin-film technologies tend 

to underperform at short wavelengths due to a low optical absorption.43,189,190 

Alternative devices, such as photomultiplier tubes (PMTs), charged-coupled devices 

(CCDs) and semiconductor photodiodes,42,191,192 can achieve higher absorption in the 

UV range but at the cost of a slow photoresponse, high power consumption and/or 

low efficiency.192-194 Two-dimensional (2D) van der Waals (vdW) semiconductors 

offer an alternative solution. They have tuneable absorption and fast temporal 

responses at room temperature while remaining flexible and power efficient.26,195-200 

They also possess surfaces that are free of dangling bonds leading to a low density of 

interface traps and the formation of high-quality heterostructure devices without the 

need for lattice matching.201 Thus, multi-layer vdW heterostructures could be used to 

enhance the performance of a photodetector by exploiting the optical properties of 

different materials and the unique effects that arise from their interactions, such as 

charge transfer, built-in electric fields, and moiré superlattices.202-205 

Amongst the wide catalogue of 2D materials, the III-VI metal chalcogenide 

(MC) compounds have emerged as an ideal class of semiconductors for 

optoelectronics.26,55,206,207 High-performance photodetectors based on individual 

flakes of either GaSe or In2Se3 have been reported before.50,55,124,207,208 These two 2D 
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MC layers have optical bandgaps in the visible (GaSe)194 and in the near-infrared 

(In2Se3)
57 spectral range, and strong absorption in the UV region.55,61,63,209 As 

demonstrated in Section 5.4, In2Se3 exhibits good photoresponse in FSJs. Here, we 

combined In2Se3 with GaSe to make photodiodes for broadband detection that extends 

into the UV range. The operation of this pn-junction based device differs qualitatively 

from that of a traditional semiconductor diode, as also observed in other thin vdW 

junctions in the literature.210-212 

 

6.2 Photodetectors based on graphene-contacted p-GaSe/n-In2Se3 

junctions 

Figure 6.1a shows a schematic of the p-GaSe/n-In2Se3 heterojunction with two 

graphene electrodes (left) and an optical image of a typical device (right). The 

heterostructure is assembled by exfoliation and mechanical stamping of 

nanometer-thick vdW layers of α-In2Se3 and -GaSe. Details of the fabrication are in 

Chapter 3 Sample fabrication. The layers are prepared from bulk Bridgman-grown 

crystals of α-In2Se3 and ε-GaSe polytypes that have a hexagonal (2H) crystal structure 

(Figure 6.1b). The single α-In2Se3 vdW layer consists of five atomic layers stacked in 

the sequence Se–In–Se–In–Se (1 quintuplet layer, QL). For ε-GaSe, each vdW layer 

consists of four closely packed, covalently bonded, monoatomic sheets in the 

sequence Se-Ga-Ga-Se. Along the c-axis, the primitive unit cells of α-In2Se3 and 

ε-GaSe have lattice parameters of cIn2Se3 = 19.210 Å and cGaSe = 15.949 Å, 

respectively. Within each a-b plane, atoms form hexagons with lattice parameters 
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aIn2Se3 = 4.031 Å and aGaSe = 3.755 Å. Although the crystals are intentionally undoped, 

both layers contain residual dopants. For bulk α-In2Se3, Hall effect measurements 

indicate an electron density n = 4.9×1017 cm−3 at T = 300 K due to the existence of 

native donors.160 The p-GaSe crystals contain instead native acceptors and a low 

concentration of holes p ~ 1013 cm–3 at T = 300 K.60 

 

Figure 6.1 Graphene-contacted p-GaSe/n-In2Se3 heterojunctions. (a) Left: 

Schematic of a graphene contacted p-GaSe/n-In2Se3 junction. Right: Optical image of 

a device with α-In2Se3 and -GaSe flakes with thickness of 20 nm and 10 nm, 

respectively. Scale bar: 10 μm. (b) Top: Crystal structure and unit cell of -GaSe and 

α-In2Se3. Bottom: Band alignment and Fermi level (dashed line) of a bulk 

GaSe/In2Se3 junction in equilibrium. (c) Current–voltage I–V curves in the dark (T = 

300 K) for three junctions with different layer thickness of the α-In2Se3 (20, 30, 80 

nm) and -GaSe (10, 30, 80 nm) flakes. The thicknesses are estimated by optical 

contrast measurements. The optical images for the 30/30 nm and 80/80 nm junctions 

are in Figure 6.5a and Figure 6.9a, respectively. 
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Figure 6.1b shows the type-II band alignment and built-in potential eVbi = 1.7 

eV of a p-GaSe/n-In2Se3 junction at equilibrium at T = 300 K, as derived by solving 

Poisson’s equation and taking into account the band alignment and doping of the bulk 

layers. Here, we have used the electron affinities from the literature (χGaSe = 3.7 eV 213, 

χIn2Se3 = 3.6 eV 214) and the measured bandgap energy of the bulk crystals (EGaSe = 2.0 

eV, EIn2Se3 = 1.4 eV, see Figure 6.2). The depletion region of the junction extends 

primarily in the p-GaSe layer and is negligibly small in n-In2Se3 due to the much 

larger carrier concentration of In2Se3 (electron concentration in In2Se3 ~ 4.9×1017 cm-3 

and hole concentration in GaSe ~ 1013 cm-3). As shown in Figure 6.1c, the 

room-temperature current–voltage (I–V) characteristics are asymmetric with respect to 

the polarity of the applied voltage with a rectification ratio of up to 1000 at V = ±2 V 

(Figure 6.1c, blue curve). The current density remains small in both forward and 

reverse bias. Although the I–V curves of the junctions appear qualitatively similar to 

those of a traditional pn-junction, important differences emerge when we examine 

devices with thin layers (Figure 6.1c). As shown in Figure 6.1c, with decreasing layer 

thickness the current in both forward and reverse bias tends to increase and the I–Vs 

become more symmetric with respect to the polarity of the applied voltage. These 

differences can arise from a qualitative change in the transport mechanisms. In a 

bulk-like junction, regions depleted of free carriers form on either side of the junction, 

thus generating built-in potentials. Carrier transport across the junction occurs by 

diffusion. However, for junctions composed of thin p- and n-type semiconductors, 

tunnelling-assisted interlayer recombination of majority carriers can increase the 
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current in forward bias;212 also, charge transport via tunnelling across a thin barrier 

between the two graphene electrodes and/or leakage via defects in the junction can 

dominate the current in both forward and reverse bias. Further differences emerge 

when we consider the photoresponse, as discussed below. 

 

Figure 6.2 Photoluminescence of ε-GaSe, α-In2Se3, and ε-GaSe/α-In2Se3 

heterostructures. (a) Optical image of a GaSe/In2Se3 (thickness > 50/50 nm) 

heterostructure. Scale bar: 10 μm. (b) Photoluminescence spectra (PL) of bulk In2Se3 

and GaSe flakes, and their GaSe/In2Se3 overlapping area (T = 300 K, λ = 532 nm). 

The spectra show the band edge emission of In2Se3 and GaSe. The two emissions are 

centred at about 1.4 eV and 2 eV, respectively, as expected for isolated bulk layers. 

 

Figure 6.3a shows the I–V characteristics of a junction under illumination with 

unfocused laser light of energy hν = 3.06 eV (λ = 405 nm). In both forward and 

reverse bias, the current increases with increasing incident power Pi. A photovoltaic 

response is also observed with a short-circuit current (V = 0) of up to 0.15 nA for Pi = 

0.11 μW (inset of Figure 6.3a). Figures 6.3b and 6.3c show the dependence of the 

photoresponsivity R = ΔI/Pi, on V and Pi under unfocused light illumination with λ = 
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405 nm and λ = 633 nm, respectively. Here, ΔI = Ilight – Idark is the photocurrent. A 

large value of R of up to 145 A W-1 is observed at V = +3 V at λ = 405 nm and Pi = 

0.11 nW. The corresponding values of the external quantum efficiency (EQE = Rhν/e) 

and detectivity (D* = R(A/2eIdark)
1/2) are EQE = 4.4×102 and D* = 1.0×1013 Jones, 

where A = 20 μm2 is the area of the device. Also, we estimate the noise equivalent 

power (NEP) as 𝑁𝐸𝑃 =
𝐼𝑛𝑜𝑖𝑠𝑒

𝑅
, where Inoise is the noise current derived from the 

standard deviation in the temporal fluctuations of the dark current. For R = 145 A/W 

and Inoise = 4.8×10-12 A, NEP = 3.3×10-14 W. The corresponding signal-to-noise ratio 

is 𝑆𝑁𝑅 =
𝐼signal

𝐼noise
= 6.0 × 104. For all applied voltages, R is approximately one order 

of magnitude larger at l = 405 nm than at l = 633 nm, reflecting an increased optical 

absorption of the layers at shorter wavelengths. Furthermore, the junction can be 

switched between on and off states in a reproducible manner with rise and decay 

times of   ~ 100 ms and without any photo-induced memory effects and/or hysteresis 

in the I–Vs (Figure 6.4). The trapping/detrapping of charge carriers due to the 

disordered potential of the heterostructure and/or crystal defects tend to slow down 

the photoresponse. We estimate the bandwidth from the photocurrent rise time/decay 

time, e.g. 𝑓3dB = 0.35/𝜏 = 4.5 Hz and Δ𝑓 = 𝑓3dB/0.886 = 5.1 Hz . Here, 𝑓3dB  is 

the 3-dB bandwidth of the detector. This is defined as the frequency at which the 

photocurrent decreases by 3 dB of its maximum value.215 Using these parameters to 

estimate the detectivity, we find 𝐷∗ =
√𝐴Δ𝑓

𝑁𝐸𝑃
 ~ 3 × 1010 Jones. This is smaller than 

the value of D* ~ 1013 Jones, as derived from D* = R(A/2eIdark)
1/2, which assumes that 

the total noise is dominated by the shot noise from the dark current.  
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Figure 6.3 Heterojunctions under light illumination. (a) Current–voltage I–V 

characteristics of a graphene/p-GaSe/n-In2Se3/graphene junction (thickness of 

In2Se3/GaSe ~ 80/80 nm, optical image of the junction shown in Figure 6.9a) in the 

dark and under illumination with l = 405 nm and different powers (T = 300 K, P0 = 

0.11 μW). Inset: I–V curves near zero bias. (b-c) Photoresponsivity (R) versus V at 

different powers for (b) λ = 405 nm (P0 = 0.11 μW) and (c) λ = 633 nm (P0 = 0.08 μW) 

at T = 300 K. Square dots illustrate that the value of R in forward bias is larger than that 

in reverse bias. (d-g) Band alignment at the (d-e) GaSe/In2Se3, (f) In2Se3/graphene, 

and (g) graphene/GaSe interfaces. For the GaSe/In2Se3 interface, the alignment is 

shown at (d) equilibrium and (e) V = Vbi, where eVbi is the built-in potential at the 

GaSe/In2Se3 junction. 
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Figure 6.4 Time-dependent photocurrent of a device. Temporal dependence of the 

current under illumination at λ = 405 nm, power (a-b) P0 = 0.08 μW and (c-d) P0/10 at 

different voltages V = ±3 V. The rise and decay times shown in these plots were 

estimated by fitting the data by 𝐼(𝑡) = 𝐼0(1 − e−𝑡/𝜏𝑟) and 𝐼(𝑡) = 𝐼0e−𝑡/𝜏𝑑 . The 

corresponding fits are plotted alongside the original dataset as red and blue lines. 

 

We have investigated junctions with different thickness of the layers (Figures 

6.5 and 6.6) and all devices revealed a similar behaviour with a photoresponse that 

extends from the NIR (near-infrared) to the VIS (visible) and the UV range even 

without any applied voltage. Figure 6.7 shows the dependence of the responsivity on 

the photon wavelength at V = 0 for a junction based on a relatively thin (~ 60 nm) 

p-GaSe/n-In2Se3 junction. It can be seen that the photoresponse increases with 

decreasing photon wavelength, with a stronger increase observed at energies larger 
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than the bandgap energy of GaSe (Eg = hc/λ = 2.0 eV, corresponding to λ = 620 nm). 

Although the responsivity remains high in all devices, the detectivity and photovoltaic 

response tend to become weaker in the shorter junctions due to larger dark currents 

and shorter depletion regions. 

 

Figure 6.5 A graphene-contacted p-GaSe/n-In2Se3 (30/30 nm) heterojunction. (a) 

Left: Optical image of the device. Right: Schematic of a graphene contacted 

p-GaSe/n-In2Se3 junction (30/30 nm). Scale bar: 10 μm. (b-d) Photocurrent (ΔI) maps 

at (b) V = 0, (c) +1 V and (d) -1 V. The laser beam (λ = 425 nm and Pi = 15 μW) has a 

spot size of about 1 μm. Scale bar: 10 μm. The left insets illustrate the direction of the 

current across the three interfaces of the heterostructure. 
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Figure 6.6 A graphene-contacted p-GaSe/n-In2Se3 (10/20 nm) heterojunction. (a) 

Optical image of the device. Scale bar: 10 μm. (b) Current–voltage I–V characteristics 

in the dark and under illumination with l = 425 nm (T = 300 K, Pi = 0.12 μW). (c) 

Photoresponsivity (R) versus V at λ = 425 nm (Pi = 0.12 μW) and T = 300 K. (d) Room 

temperature (T = 300 K) photocurrent (ΔI) maps at V = 0, +1 V and -1 V. The laser 

beam (λ = 425 nm and Pi = 20 μW) is focused by a microscope objective and the 

diameter of the spot size is around 1 μm. It can be seen that the photocurrent 

originates primarily from the region of overlap of the p-GaSe and n-In2Se3 layers with 

the bottom and top-graphene layers, rather than just the p-GaSe and graphene layers. 
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Figure 6.7 Wavelength-dependent photoresponsivity. Dependence of the 

photoresponsivity (R) on the photon wavelength for a graphene contacted 

p-GaSe/n-In2Se3 junction (GaSe/In2Se3 thickness ~ 30/30 nm) at V = 0 and power Pi = 

0.06 W. The arrows indicate the bandgap energies of GaSe and In2Se3. 

 

The responsivity of all devices is comparable or higher than the values for 

photodetectors based on individual flakes of GaSe50,55,61 or In2Se3
56,57,111,124,179. Also, 

p-n heterojunctions based on GaSe from this work and the literature (Table 6.1) tend 

to have a photoresponsivity that is higher under forward bias conditions. This 

behaviour differs from that of a traditional diode. In the latter, the photocurrent is 

larger in reverse bias as the spatial extent of the space charge region and the 

magnitude of the electric field increase with increasing reverse bias, thus facilitating 

the separation of photocreated electrons and holes and their collection at the 

electrodes. However, for our junctions, as the forward voltage increases above V ~ 

+1.5 V (Figures 6.3a-c), the photocurrent and photoresponse can become larger than 
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that in reverse bias. This behaviour is observed for different powers and laser 

wavelengths. Thus, the photoresponse cannot arise just from the photon-current 

conversion at the In2Se3/GaSe interface (Figures 6.3d and 6.3e) and additional 

mechanisms should be considered at large positive V.  

 

Table 6.1 Comparison of device performance parameters for UV photodetectors 

based on Si or vdW heterostructures from this work and the literature.  

Materials Responsivity Working wavelength Bias condition Reference 

Si 0.75 A W-1 200 – 560 nm  2 V 216 

a-Si:H 0.15 A W-1 260 nm 20 V 217 

WS2/Si 5.7 A W-1 340 – 1100 nm -5 V 218 

MoS2/GaAs 0.657 A W-1 300 – 873 nm -1 V 219 

GaSe/WS2 149 A W-1 270 – 740 nm 2 V 26 

GaSe/InSe 350 A W-1 270 – 920 nm 2 V 49 

GaSe/Ga2O3 51.9 A W-1 < 280 nm 10 V 51 

InSe/ReS2 1921 A W-1 365 – 965 nm 1 V 220 

GaSe/In2Se3 145 A W-1 325 – 1025 nm 3 V This work 

 

6.3 Energy band alignment 

We examined the energy band alignment for a 

graphene/p-GaSe/n-In2Se3/graphene junction at V = 0 and under forward bias. The 

calculated band diagram at V = 0 is shown in Figure 6.8a and band diagrams at 

forward biases are shown in Figures 6.8b and 6.8c. We assumed that the layers are 
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fully depleted and that the pn-junction and Schottky junctions can be treated in 

isolation. Parameters (carrier density and electron affinity) for pristine graphene were 

used for both Schottky contacts and any shift in the Fermi level of graphene due to 

charge transfer between the semiconductors and graphene was neglected.  

 

Figure 6.8 Energy band diagrams. Energy band diagrams of graphene-contacted 

p-GaSe/n-In2Se3 heterojunctions at (a) V = 0, (b) V = +1 V and (c) V = +2.95 V. Blue 

dashed lines represent flat band regions of arbitrary length between the depletion 

regions. 
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      𝑉𝑝 = 𝑘𝐵𝑇𝑙𝑛 (
𝑁𝑉

𝑝
) = 0.37 eV (𝑉𝑛 = 𝑘𝐵𝑇𝑙𝑛 (

𝑁𝐶

𝑛
) = 0.046 eV), (6.1) 

where NV (NC) is the effective density of states in the valence (conduction) band and is 

given by 

      𝑁𝑉 = 2 (
2𝜋𝑚𝑉

∗  𝑘𝐵𝑇
ℎ2⁄ )

3/2

 (𝑁𝐶 = 2 (
2𝜋𝑚𝐶

∗ 𝑘𝐵𝑇
ℎ2⁄ )

3/2

), (6.2) 

where 𝑚𝑉
∗  (𝑚𝐶

∗ ) is the effective mass of holes (electrons) in the valence (conduction) 

band (Table 6.2).  

From the electron affinity of the layers (χp = χGaSe = 3.7 eV 213, χn = χIn2Se3 = 3.6 

eV 214 and χGraphene = 4.5 eV 47) and their doping (Table 6.2), we estimated the 

Schottky barrier in GaSe 𝜙𝐵𝑝 = 𝐸𝑔,𝑝 + 𝜒𝑝 − 𝜙𝑚 = 1.04  eV (Figure 6.8a). The 

Fermi level in the graphene layers (as measured in graphene field effect transistors is 

0.16 eV below the Dirac point, corresponding to a hole concentration of 1.17 × 1012 

cm-2) was treated as the work function of a metal, 𝜙𝑚 = 𝜒Graphene +  0.16 eV =

4.66 eV. The corresponding built-in potential is 𝑉𝑏𝑖,𝑝 = 𝜙𝐵𝑝 − 𝑉𝑝  = 0.67 eV. The 

depletion region width in the GaSe is 𝑥𝑝 = √
2𝜖𝑠(𝑉𝑏𝑖,𝑝 − 𝑉)

𝑞𝑝
= 8 μm at zero bias, where 

𝜖𝑠 is the dielectric permittivity of GaSe. A similar approach was used to calculate the 

corresponding parameters in In2Se3, giving 𝜙𝐵𝑛 = 𝜙𝑚 − 𝜒𝑛 = 1.06 eV , 𝑉𝑏𝑖,𝑛 =

𝜙𝐵𝑛 − 𝑉𝑛 = 1.01 eV and 𝑥𝑛 = √
2𝜖𝑠(𝑉𝑏𝑖,𝑛 − 𝑉)

𝑞𝑛
= 54 nm at zero bias. The pn-junction 

has a built-in potential given by 𝑉𝑏𝑖,𝑝𝑛 = 𝐸𝑔,𝑝 + 𝜒𝑝 − 𝜒𝑛 − 𝑉𝑛 − 𝑉𝑝 = 2.0 + 3.7 −

3.6 − 0.046 − 0.37 = 1.68 eV.  

The carrier concentration in In2Se3 is much higher than that in GaSe, so we treat 

the junction as one-sided and abrupt, with a depletion region entirely contained within 

the GaSe given by 𝑊 = √
2𝜖𝑠(𝑉𝑏𝑖,𝑝𝑛 − 𝑉)

𝑞𝑝
= 10.7 μm at V = 0.  
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Under an applied bias, we assumed that the electric field is linear throughout the 

structure. The relative voltage drop across the junctions is therefore equivalent to their 

relative depletion widths in the case of a device with layer thicknesses equal to the 

combined depletion widths from each junction. The depletion widths in GaSe are 

much larger than in In2Se3 due to the much lower carrier concentration in GaSe. In 

forward bias, this results in a negligible change in the bending of the In2Se3 bands 

(Figure 6.8b). In GaSe, the forward bias reduces the height of the pn-junction barrier, 

reaching the flat band condition Vbi,pn = 1.68 V at a total forward bias of V = +2.95 V 

(Figure 6.8c). The reduction in barrier height is also accompanied by a decrease in the 

depletion width, reducing to zero at the flat band condition. The GaSe band bending 

near the GaSe/graphene interface increases under a forward bias.  

When the junction is forward biased, the photocurrent can increase due to an 

enhanced contribution to the photoresponse from the separation of electron-hole pairs 

at the In2Se3/graphene and GaSe/graphene interfaces (Figures 6.8b and 6.8c). Thus, in 

forward bias, both interfaces behave as reverse-biased Schottky contacts and can 

contribute to the I–V with a photocurrent that has the same polarity as the dark current. 

In summary, the three interfaces of the graphene/p-GaSe/n-In2Se3/graphene 

heterostructure contribute to the photodetection. Although our model does not capture 

the evolution of the multi-layer structure as the layer thickness decreases down to a 

few nanometres, it illustrates that the built-in potential at the three interfaces plays a 

critical role in the photoresponsivity. This is further examined by spatial mapping of 

the photoresponse of junctions with different thickness. 
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Table 6.2 Parameters of GaSe, In2Se3 and graphene used in the calculation of the 

energy band diagrams. 

Properties GaSe In2Se3 Graphene Reference 

m* 0.8 m0 0.24 m0 N/A 221 

p (n) 1.0×1013 cm-3 4.9×1017 cm-3  1.2×1012 cm-2 This work 

χ 3.7 eV 3.6 eV 4.5 eV 47,213,214 

Eg 2.0 eV 1.4 eV N/A This work 

εs 6.18 ε0 16.68 ε0 N/A 221 

ΦB 1.04 eV 1.06 eV N/A This work 

Vbi 0.67 eV 1.01 eV N/A This work 

WSchottky (V = 0) 8 μm 54 nm N/A This work 

 

6.4 Scanning photocurrent microscopy 

We used a confocal optical microscope to obtain a photocurrent map of the 

junctions by focusing and scanning a laser beam onto the layer plane of the samples 

(Figures 6.5, 6.6 and 6.9). Figure 6.9a shows the bias-dependence of the photocurrent 

under focused laser excitation of a junction (inset of Figure 6.9a). The corresponding 

I–V curves under unfocused laser excitation are shown in Figure 6.3a. Figures 6.9b-f 

show the corresponding photocurrent maps of the device acquired under a range of 

bias voltages. To distinguish the different areas of the heterojunction, in each map, the 

GaSe, In2Se3 and graphene layers are marked by dashed lines. At zero bias (Figure 

6.9b), the photocurrent signal arises from the area where the four layers (top and 

bottom graphene, GaSe and In2Se3) of the heterostructure overlap, indicating a built-in 
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potential at the pn-junction and efficient extraction of photo-created carriers at the two 

graphene electrodes.  

 

 

Figure 6.9 Photocurrent maps. (a) Room temperature (T = 300 K) photocurrent (ΔI) 

versus V under a focused laser beam (λ = 405 nm and Pi = 0.75 μW) for a bulk 

(thickness of In2Se3/GaSe ~ 80/80 nm) junction. The corresponding I–V curves under 

unfocused laser light are in Figure 6.3. The data correspond to the largest value of ΔI 

at each V. Inset: optical image of the device. Scale bar: 10 μm. (b-f) Photocurrent 

maps under bias V = 0, +1, +2, -1, -2 V. The laser beam (λ = 405 nm and Pi = 0.75 

μW) is focused by the microscope objective to a spot size of around 1 μm. Scale bar: 

10 μm. 
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Some general considerations can be drawn from the inspection of the 

photocurrent maps of several junctions. For example, by comparing the photocurrent 

maps of Figure 6.9, it can be seen that at V = ±1 V (Figures 6.9c and 6.9e) the 

amplitude of the photocurrent signal in forward bias is smaller than that in reverse 

bias; in contrast, at V = ±2 V (Figures 6.9d and 6.9f), the photocurrent in forward bias 

is larger than in reverse bias. This behaviour is illustrated by the bias dependence of 

the photocurrent in Figure 6.9a and is consistent with the I–V characteristics acquired 

under unfocused laser light in Figure 6.3.  

 

 

Figure 6.10 Photoresponse under unfocused/focused laser beam. 

Photoresponsivity versus laser power density for different applied voltages V under an 

unfocused (dots) and a focused (vertical lines) laser beam for a graphene contacted 

p-GaSe/n-In2Se3 junction (80/80 nm). 
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The responsivity values in the focused and unfocused mode versus the laser 

power density are plotted in Figure 6.10. The data show that the responsivity in the 

focused laser mode is in line with data for the unfocused mode. In particular, the value 

of R tends to decrease with increasing laser power due to the increase in carrier 

recombination rate for increasing densities of photogenerated carriers.25-28 Although 

the behaviour of junctions with different layer thickness is qualitatively similar, in the 

thinner junctions the photoresponsivity becomes more symmetric with respect to a 

reversal of bias polarity (Figure 6.6). 

In general, the photocurrent can be non-uniform in the plane of the junction, 

revealing hot spots of photoresponse. These can arise not only from the 

non-uniformity of the individual layers, but also from their interlayer coupling, which 

can vary in the layer plane due to defects and/or surface roughness, and a non-uniform 

spatial distribution of dopants at each interface. Thus, the relative contribution of the 

three vdW interfaces (e.g. GaSe/In2Se3, GaSe/graphene and In2Se3/graphene) to a 

photocurrent map can vary from device to device (Figures 6.5, 6.6 and 6.9). Figure 

6.11 illustrates a junction in which the dominant contribution to the photocurrent 

arises from a large overlapping area between GaSe and graphene. Figure 6.11a shows 

the bias-dependence of the photocurrent under focused laser excitation of the junction 

(inset of Figure 6.11a). As the carrier density of In2Se3 is much larger than GaSe, the 

depletion region extends primarily in the p-GaSe layer and is negligibly small in 

n-In2Se3. Similarly, we expect a charge redistribution at the GaSe/graphene interface, 

leading to the formation of a GaSe/graphene Schottky contact. The separation of 
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photocreated carriers at the GaSe/graphene interface generates a photocurrent with 

opposite sign to that of the pn-junction at V = 0 (Figure 6.11b) and same sign in 

forward and reverse bias (Figures 6.11c and 6.11d). For this junction, it can be seen 

that the photocurrent signal is observed outside the region of overlap between the two 

graphene layers, where the electric field should be effectively zero. This current can 

arise from a non-uniform electric field potential in the layer plane and a temperature 

gradient induced by non-uniform heating under the focused laser beam through the 

photo-thermoelectric effect8,222. 

 

Figure 6.11 Schottky contacts in graphene-contacted p-GaSe/n-In2Se3 

heterojunctions. (a) Room temperature (T = 300 K) photocurrent (ΔI) versus V under 

a focused laser beam (λ = 405 nm and Pi = 5 μW) for a junction (thickness of 

In2Se3/GaSe ~ 60/40 nm). The data correspond to the largest value of ΔI at each V. 

Inset: optical image of the device. Scale bar: 10 μm. (b-d) Room temperature (T = 300 

K) photocurrent (ΔI) maps at (b) V = 0, (c) +1 V and (d) -1 V. The laser beam (λ = 

405 nm and Pi = 5 μW) has a spot size of about 1 μm. Scale bar: 10 μm. The right 

insets in part b-c-d illustrate the direction of the current across the three interfaces of 

the heterostructure. 
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In summary, these photodetectors enable an efficient collection of 

photo-generated carriers resulting into a high photoresponsivity. Bulk junctions are 

more preferable for photodetection as the dark current is lower in both forward and 

reverse bias, leading to a large detectivity. In reverse bias, the low dark current 

indicates a small leakage current due to negligible thermal excitation of carriers across 

the bandgaps of GaSe and In2Se3; in forward bias, the low dark current suggests 

instead a small recombination current. The mechanisms for photodetection in forward 

bias and the recombination of carriers are further examined in the following section. 

 

6.5 Bias-dependent carrier recombination 

We investigated the recombination of carriers by conducting 

electroluminescence (EL) and PL experiments under an applied voltage. No EL signal 

was detected in these junctions. However, a PL signal from both GaSe and In2Se3 was 

measured and found to be sensitive to the applied bias. Figure 6.12a shows the RT PL 

spectra at V = 0 for the junction of Figures 6.3 and 6.9. The PL spectrum comprises a 

weak band edge emission from the In2Se3 (band I) and GaSe (band III) layers, and a 

broad, structured emission (band II) centred at around 1.8 eV, at energies between 

band I and III, with amplitude that tends to saturate with increasing laser power. This 

emission is spatially localized (see micro-PL imaging in Figure 6.12b), indicative of 

an extrinsic carrier recombination in GaSe. 

The energy peak position of band II does not reveal any significant shift with 

the applied bias. However, the intensity of this band is modulated by the applied 
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voltage, reaching a maximum at V ~ 1.5 V (Figures 6.12c and 6.12d). As V increases, 

the built-in electric field at the In2Se3/GaSe interface decreases and electron-hole 

recombination becomes more favourable. On the other hand, as V increases, the 

electric field at the graphene/GaSe interface also increases, thus causing a 

bias-induced quenching of the PL emission at large V. The quenching of the PL 

emission over a wide range of biases is pronounced (~ 100%), supporting an effective 

charge separation and light-current conversion at the In2Se3/GaSe and GaSe/graphene 

interfaces.  

 

Figure 6.12 Bias-dependent photoluminescence. (a) Photoluminescence (PL) 

spectra of the p-GaSe/n-In2Se3 photodetector shown in Figures 6.3 and 6.9 for 

different excitation powers, showing three main bands: band I, II and III. The PL 

emission arises from a localized region of the junction, as probed by the PL intensity 

map in part (b). Scale bar: 10 μm. (c) PL spectra of the photodetector for different 

voltages V. (d) V-dependence of the PL intensity of bands I and II (T = 300 K, λ = 532 

nm). 
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We note that the bias-dependence of the PL emission due to In2Se3 (band I, Figure 

6.12d) is slightly different. Although the initial increase of PL intensity with 

increasing V is observed also in this case, this is then followed by a saturation of the 

PL signal at large V. We assign this different behaviour to the larger carrier 

concentration in In2Se3 (n ~ 1017 cm-3) compared to that in GaSe (p ~ 1013 cm-3). 

Combined with a large dielectric contrast of In2Se3 (εIn2Se3 ~ 17 and εGaSe ~ 6),223,224 

this leads to more effective screening of the electric field in In2Se3. 

While the separation of charges at three interfaces can explain both the 

photoresponse and carrier recombination, the origin of band II remains unclear. In 

particular, the observation of this band is suggestive of a recombination channel that 

is not beneficial for photodetection. Theoretical studies of the energetics of crystal 

defects in GaSe have shown that acceptor levels due to Ga vacancies (VGa) have 

energies at approximately 0.2 eV above the valence band (VB) edge, while interstitial 

Ga (Gai) create donor levels at 0.2 eV below the conduction band (CB) edge.225 Large 

scale defects, including clusters of point defects and cracks/local stacking faults, can 

also form as the result of mechanical stress applied to a crystal during fabrication.226 

These can induce localized regions with enhanced PL emission in the range 1.7–2.0 

eV,227 as observed in our micro-PL imaging studies (Figure 6.12b). Similar, but 

broader extrinsic PL emissions can be generated via controlled thermal annealing of 

individual flakes of GaSe: A focused laser beam with a diameter of ~ 1 μm, power Pi > 

0.5 mW and λ = 532 nm was used to anneal a GaSe flake for a time interval in the 

range t = 10 s to 60 s. After each annealing, the sample was allowed to cool down 
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for approximately 20 s before conducting PL and Raman measurements. All 

measurements were taken on the same point of the flake at T = 300 K. Figure 6.13 

shows the PL (a) and Raman (b) spectra of a GaSe flake before and after laser 

annealing at T = 300 K. The time for each curve shows the total annealing time at the 

given laser power. Following a prolonged laser annealing, the band edge PL emission 

weakens and is replaced by a broad PL emission peaked at ~ 1.7 eV. The 

strengthening of the Raman line at 255 cm-1 following the annealing is attributed to 

the local photo-oxidation of the flake due to the formation of amorphous selenium 

(α-Se).228  

 

Figure 6.13 Laser annealing of GaSe flakes. (a) PL spectra of a GaSe flake before 

and after laser annealing in air with different powers/annealing times (T = 300 K, λ = 

532 nm). (b) Atomic displacements of GaSe vibrational modes and Raman spectra of 

a GaSe flake before and after annealing (T = 300 K, λ = 532 nm). The enhancement of 

the E’ peak is attributed to the photo-oxidation of GaSe. The atomic displacements are 

reproduced from ref.229,230. 
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The sensitivity of these junctions to charges trapped by defects of GaSe 

indicates that efficient optoelectronic devices based on this material require an 

optimization of the fabrication process. A crucial requirement is the in-plane spatial 

homogeneity of the layers, which can affect interlayer coupling and band alignments. 

Furthermore, GaSe can oxidize in air leading to morphological and chemical changes 

of its surface. Thus, an effective passivation strategy should also be adopted to 

mitigate these effects.  

 

6.6 Summary 

In conclusion, we have exploited the vdW interfaces of the 

graphene/p-GaSe/n-In2Se3/graphene heterostructure to fabricate high-responsivity UV 

photodetectors. Their operation exploits the optical absorption of the metal 

chalcogenide layers and the built-in potential at the three vdW interfaces of the 

heterostructure. The junctions can have high photoresponsivity and low dark current 

in both forward and reverse biases, and without any externally applied bias. Thus, 

these multi-layer vdW heterostructures could play a crucial role in the development of 

high performance 2D semiconductor-based devices for a broad range of applications. 

Scanning photocurrent microscopy revealed that the contribution of the three 

interfaces to the overall responsivity can differ from device to device due to the 

non-uniformity of the layers and their coupling. For example, defects can act as 

recombination centres in GaSe leading to a photoluminescence emission that is 

modulated by the applied voltage. Thus, these devices could be improved by 
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optimization of their fabrication to reduce the contribution of crystal defects and 

optimize interlayer coupling.  Further optimization of the layer thickness and doping, 

and scalable growth of the layers could also lead to optimal designs for even larger 

responsivity and detectivity, offering an alternative to conventional UV detection 

technologies.  
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Chapter 7  

Room-temperature magnetoresistance in magnetic tunnel junctions 

The magnetic tunnel junction (MTJ) is widely used in memory technologies and 

sensing applications.231,232 In particular, MTJs based on two-dimensional (2D) van der 

Waals (vdW) heterostructures offer unprecedented opportunities for low power 

consumption and miniaturization of spintronic devices. However, their operation at 

room temperature remains a challenge. In this chapter, we report a large tunnel 

magnetoresistance (TMR) of up to 85% at room temperature (T = 300 K) in vdW 

MTJs based on a thin (< 10 nm) semiconductor spacer WSe2 layer embedded between 

two Fe3GaTe2 electrodes with intrinsic above-room-temperature ferromagnetism. The 

TMR in the MTJ increases with decreasing temperature up to 164% at T = 10 K. The 

demonstration of TMR in these ultra-thin MTJs at room temperature, as well as other 

similar MTJs under investigation, opens a realistic and promising route for 

next-generation spintronic applications beyond the current state of the art.  

The Fe3GaTe2 bulk crystals were grown by Prof. Haixin Chang at Huazhong 

University of Science and Technology, China. The exfoliated layers and devices were 

fabricated by Dr Wenkai Zhu. Transport measurements and optical studies were 

conducted by myself and Dr Hailong Lin at the Institute of Semiconductors, Chinese 

Academy of Sciences. The results presented in this chapter were published in Chinese 

Physics Letters 39, 128501 (2022). 
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7.1 Introduction 

Magnetic tunnel junctions (MTJs) with large tunnel magnetoresistance (TMR) 

play an important role in many technologies ranging from magnetic-field sensing and 

non-volatile magnetic random-access memories (MRAM) to programmable spin logic 

devices.233-236 Traditional MTJs normally consist of three-dimensionally bonded 

ferromagnetic metals and non-magnetic wide-gap oxides, such as Fe/MgO/Fe and 

NiFe/TaO/Al2O3/Co.237-240 Different from covalently bonded multilayer systems, van 

der Waals (vdW) heterostructures with atomically sharp and clean interfaces offer 

opportunities to build high-quality junctions without the requirement of lattice 

matching.64,209 Specifically, the recent discovery of magnetic two-dimensional (2D) 

vdW materials, such as Cr2Ge2Te6 
139, CrI3 

138,241, Fe3GeTe2 
18,150 and Fe5GeTe2 

143 not 

only provide platforms for studies of novel physics phenomena, but also offer 

promising application prospects for 2D electronic devices where the spin is used as an 

extra degree of freedom.142,149,242-252 

Although the Curie temperature (TC) of 2D magnets can be tuned to room 

temperature by electrostatic gating18, high-pressure253 or interlayer magnetic 

coupling254, the room temperature operation of vertical MTJs under these conditions 

remains a challenge, hindering prospects for future applications.255 On the other hand, 

there is the ambition for all-2D room-temperature MTJs to be manufactured for 

production within the next decade.233 This could be facilitated by the recent discovery 

of the vdW crystal Fe3GaTe2 that has a high saturation magnetic moment, robust large 
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perpendicular magnetic anisotropy (PMA), and Curie temperature TC of up to 380 

K.130 

In this chapter, we use Fe3GaTe2 as the ferromagnetic electrodes in an all-vdW 

MTJ. The tunnel barrier of the MTJ is the transition-metal dichalcogenide (TMDC) 

semiconductor WSe2. Due to its tunable bandgap and long spin diffusion length, 

WSe2 is suitable for the construction of 2D magnetic devices, such as MTJs 250,256 and 

spin field-effect transistors (FETs).257 Moreover, the magnetoresistance of MTJs can 

be tuned by the thickness of the WSe2 spacer layer through the spin filtering effect.250 

Here, we describe the properties of the Fe3GaTe2 layers and of the 

Fe3GaTe2/WSe2/Fe3GaTe2 MTJs. Preliminary results are also presented for 

Fe3GaTe2/GaSe/Fe3GaTe2 MTJs. 

 

7.2 Anomalous Hall effect in Fe3GaTe2 

High-quality vdW ferromagnetic crystal Fe3GaTe2 is grown by the self-flux 

method and has a hexagonal structure of space group P63/mmc with lattice parameters 

a = b = 3.9860 Å and c = 16.2290 Å (α = β = 90°, γ = 120°).130 In the Fe3GaTe2 crystal, 

the Fe3Ga heterometallic slab is sandwiched between two Te layers, and the vdW gap 

is between two adjacent Te atoms. In Figure 7.1a, two inequivalent Fe sites are 

distinguished by brown and blue balls, respectively. The slabs of Fe3GaTe2 are 

stacked along the c-axis with an interlayer spacing of ~ 0.78 nm.130 As the magnetic 

moment of Ga and Te atoms in Fe3GaTe2 are negligible, the ferromagnetism of 

Fe3GaTe2 mainly comes from the 3d-orbital electrons in the Fe atoms.130 An 
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exfoliated 10-nm-thick Fe3GaTe2 flake was used to fabricate a Hall-bar (Figure 7.1b) 

and investigate the magnetic properties of Fe3GaTe2. The thickness of Fe3GaTe2 is 

measured by atomic force microscopy (AFM) (Figure 7.1c upper-left inset).  

 

 

Figure 7.1 Anomalous Hall effect in few-layer Fe3GaTe2. (a) Side (left) and top 

views (right) of the crystal structure of Fe3GaTe2. (b) The optical image of a Fe3GaTe2 

Hall-bar device capped by hBN. Scale bar: 10 μm. The direction of the current and the 

electrodes used in the Hall measurements are shown in red. (c) Two-point 

resistance versus temperature from 10 to 380 K. Upper-left inset: AFM image and 

height profile of the Fe3GaTe2. Scale bar: 10 μm.  (d) Hall resistance Rxy versus 

perpendicular magnetic field (B) of a 10-nm-thick Fe3GaTe2 at different temperatures 

ranging from 10 to 380 K. The bias current Ixx is fixed at 10 μA.  
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Figure 7.2 Anomalous Hall effect in bulk Fe3GaTe2. (a) The optical image of a 

thick (40 nm) Fe3GaTe2 Hall-bar device capped by hBN. Scale bar: 10 μm.  The 

direction of the current and the electrodes used in the Hall measurements are shown in 

red. (b) Two-point resistance versus temperature from 10 to 380 K. Upper-left inset: 

AFM image and height profile of the Fe3GaTe2 Hall-bar device. Scale bar: 10 μm. (c) 

Hall resistance Rxy versus perpendicular magnetic field (B) at different temperatures 

ranging from 10 to 380 K. The bias current Ixx is fixed at 10 μA.  
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curves display almost perfectly square-shaped hysteresis loops, indicating that the 

Fe3GaTe2 flake has strong PMA. Especially, the AHE signal of the Fe3GaTe2 Hall-bar 

is still measurable at room temperature. Due to the enhancement of the thermal 

fluctuations close to TC, the coercivity also decreases monotonically with increasing 

temperature and nearly vanishes at 380 K. Another thicker Fe3GaTe2 (~ 40 nm) flake 

shows the same above-room-temperature TC and a smaller coercivity (Figure 7.2). 

Due to the contribution of Fe3GaTe2/Au contact resistances, although the Fe3GaTe2 

thickness in the thick Hall bar is around 4 times that of the thin device, its two-point 

resistance is not 1/4 of the thin device. The high TC, large coercivity, and robust PMA 

make the Fe3GaTe2 flake an ideal metallic ferromagnetic electrode for MTJs working 

at room temperature.130 

 

7.3 Room-temperature magnetoresistance in Fe3GaTe2-based MTJs 

We now focus on the fabrication and properties of the MTJ. Figures 7.3a and 

7.3b show the schematic and optical image of the two-terminal MTJ. Here, two 

metallic Fe3GaTe2 ferromagnetic electrodes are separated by a non-magnetic WSe2 

spacer layer. The whole structure is capped with a hBN layer (typically 10-30 nm) to 

prevent degradation or oxidation once the MTJ is exposed to air. The semiconductor 

2H-WSe2 is a typical TMDC material with a hexagonal structure and space group 

P63/mmc, consisting of van der Waals bonded Se-W-Se layers.258 The bulk WSe2 is 

an indirect-gap semiconductor with a bandgap of 1.20 eV, while single-layer WSe2 

has a direct bandgap of 1.65 eV.259 The AFM study of the MTJ indicates that the 
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thickness of the spacer WSe2 layer is ~ 7 nm (around 11 layers).260 To distinguish the 

coercivities of the top and bottom ferromagnetic electrodes in the MTJs, we selected 

Fe3GaTe2 flakes with different thicknesses (~ 11 nm bottom Fe3GaTe2 and ~ 17 nm 

top Fe3GaTe2). The different switching fields of the top and bottom ferromagnetic 

layers enable the parallel and antiparallel configurations under different specific 

magnetic fields, corresponding to the low and high resistance states of the MTJ.261  

 

Figure 7.3 Room-temperature magnetoresistance in a Fe3GaTe2/WSe2/Fe3GaTe2 

magnetic tunnel junction. (a) Schematic of Fe3GaTe2/WSe2/Fe3GaTe2 MTJs. (b) 

Optical image and AFM image (upper-right inset) of a representative 

Fe3GaTe2/WSe2/Fe3GaTe2 (thickness 17 nm/7 nm/11 nm) heterojunction device 

encapsulated by a top hBN layer. Scale bar: 10 μm. The lower-left inset shows the 

height profile of the spacer WSe2 layer. (c) I–V characteristics of the device at T = 300 

K. (d) Room-temperature resistance and TMR versus perpendicular magnetic field (B) 

of the device at a constant bias voltage V = 50 mV. 
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Raman spectroscopy was used to characterise the Fe3GaTe2 and WSe2 layers 

(Figures 7.4a and 7.4b). The WSe2 layer has a room temperature photoluminescence 

(PL) emission centred at 1.38 eV (Figure 7.4c), in good agreement with previous 

experimental results.130,262 The preliminary studies indicate a high-quality WSe2 

spacer layer, as required to preserve the polarization of the electron as it tunnels in the 

MTJ.242  

 

Figure 7.4 Raman and PL characterizations of Fe3GaTe2 and WSe2 layers. (a) 

Raman spectrum of a bulk Fe3GaTe2 flake (T = 300 K, λ = 532 nm). (b) Raman 

spectrum of a bulk WSe2 flake (T = 300 K, λ = 532 nm). (c) Photoluminescence (PL) 

spectrum of a bulk WSe2 flake (T = 300 K, λ = 532 nm). The spectrum shows the 

band edge emission of WSe2, which is centred at about 1.38 eV. 
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magnetization of the two Fe3GaTe2 layers in parallel (↓↓ or ↑↑) and antiparallel (↓↑ or 

↑↓) magnetization configurations, respectively. In the parallel configuration, 

spin-dependent tunnelling occurs between the same spin states, representing RP with 

the product of the DOS of the majority (D↑) and minority (D↓) spins as 

1/RP ∝ (D↑ × D↑) + (D↓ × D↓).
256 In the antiparallel configuration, RAP is conversely 

determined by the cross product of the DOS with different spin states as 1/RAP 

∝ 2D↑ × D↓, leading to a larger RAP for MTJs under low bias voltages.256 At V = 50 

mV and T = 300 K, the RP and RAP of the junction are 43.3 MΩ and 80.4 MΩ, 

respectively. The corresponding TMR = (RAP - RP)/RP is 85 %, even higher than that 

of some reported conventional MTJs working at room temperature, such as 

Fe/Al2O3/Fe (TMR = 18 %)264 and Fe/MgO/Fe (TMR = 30%)265.  

 

Figure 7.5 Room-temperature magnetoresistance in a MTJ with a thin (5 nm) 

spacer layer. (a) Optical image and AFM image (upper right inset) of another 

Fe3GaTe2/WSe2/Fe3GaTe2 (thickness 9 nm/5 nm/8 nm) MTJ device. Scale bar: 10 μm. 

Lower-left inset: the height profile of the spacer WSe2 layer. (b) I–V characteristics of 

the device at T = 300 K. (c) Room-temperature resistance and TMR versus B at 10 

mV bias. 

 

Similar results were obtained in another device with a thin (5 nm) spacer layer 

displaying a TMR of 53% at room temperature (Figure 7.5). The room-temperature 
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TMR in our devices is an important achievement, filling a gap in the current literature 

on TMR in all-2D vdW MTJs.  

 

7.4 Temperature-dependent magnetoresistance 

Figures 7.6a and 7.6b show the TMR–B curves measured at various 

temperatures of the device shown in Figure 7.3b. A TMR of 164% is observed at T = 

10 K, while another device shown in Figure 7.5a exhibits a larger TMR of 210% at 

the same temperature (Figure 7.7). With increasing temperature, the magnitude of the 

TMR decreases and vanishes above TC (Figure 7.6c). The spin polarization is 

proportional to the magnetization and decreases with increasing temperature,266 thus 

leading to a smaller TMR. Moreover, due to the reduction of perpendicular 

anisotropic energy and the enhancement of thermal energy, the coercivity of 

Fe3GaTe2 decreases with increasing temperature as well.266 This is reflected in the 

reduction of the critical magnetic switching field of the MTJ in Figures 7.6a and 7.6b. 

Interestingly, some TMR–B curves in Figure 7.6a are asymmetric, indicating that the 

coercivity of Fe3GaTe2 can be different at positive and negative magnetic field. This 

can be attributed to the defect-related pinning effect, which is weakened at high 

temperatures (Figure 7.6b).267 The TMR can be defined as TMR = 2P2/(1 - P2), where 

P = (D↑ - D↓)/(D↑ + D↓) denotes the spin polarization at the Fermi-level (EF) for the 

injector and detector Fe3GaTe2 electrodes.268 A room-temperature spin polarization P 

of 55 % is derived from a value of the TMR of 85%. As shown in Figure 7.6d, the 

estimated temperature-dependence of the spin polarization can be fitted well by a 
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power law given by P = P0(1-T/TC)γ, where P0 is the spin polarization at 0 K and γ is a 

material-dependent constant that can be fitted to γ = 0.137.141,269 Our fitting results 

also indicate that TC = 400 K, which is close to that obtained in Figure 7.6b.  

 

Figure 7.6 Temperature-dependent magnetoresistance in a MTJ. (a-b) 

TMR versus B of the device (17 nm/7 nm/11 nm Fe3GaTe2/WSe2/Fe3GaTe2, optical 

image of the junction shown in Figure 7.3b) at different temperatures ranging from 10 

to 400 K. (c) TMR versus temperature of the device shown in Figure 7.3b at V = 50 

mV. The values of TMR are derived from (a-b). (d) Spin polarization (P) versus 

temperature of the device. The fitting curve is the function P = P0(1-T/TC)γ, where P0 

= 682 %, TC = 4002 K, γ = 0.1370.003. 

 

Figures 7.7a and 7.7b show the TMR curves of another device shown in Figure 

7.5a measured at various temperatures. An extremely large TMR of 210% in the 

device is observed at T = 10 K. Same as the device in Figure 7.6, the magnitude of the 

TMR decreases with increasing temperature and vanishes above TC (Figure 7.7c). 

Interestingly, the TMR of this device (210%, 10K) is larger than that of the device in 
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Figure 7.6 (164%, 10K) at a low temperature, but the TMR of this device (53%, 300 

K) is smaller than that of the device in Figure 7.6 (85%, 300K) at room temperature, 

which indicates that the TMR of this device decays more significantly with increasing 

temperature. This is caused by the difference in TC of Fe3GaTe2 between the two 

devices. By fitting the measured polarization by the power-law P = P0(1-T/TC)γ 

(Figure 7.7d), we derive a TC = 357 K of Fe3GaTe2 in this device, which is lower than 

that of the device in Figure 7.6 (TC = 400 K). From the literature130, we know that the 

TC of Fe3GaTe2 decreases monotonically with decreasing thickness. Thinner 

Fe3GaTe2 layers (~ 8 nm bottom layer and ~ 9 nm top layer) in this device lead to a 

lower TC, resulting in a smaller TMR at room temperature. 

 

Figure 7.7 Temperature-dependent magnetoresistance in a MTJ with a thin (5 

nm) spacer layer. (a-b) TMR versus B of another device shown in Figure 7.5a at 

different temperatures ranging from 10 to 380 K. (c) TMR versus temperature of the 

device at V = 10 mV. The values of TMR are obtained from parts (a-b). (d) Spin 

polarization (P) versus temperature of the device. The fitting curve is the function P = 

P0(1-T/TC)γ, where P0 = 742 %, TC = 3575 K, γ = 0.260.03. 
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7.5 Magnetoresistance in Fe3GaTe2/GaSe/Fe3GaTe2 MTJs 

In this section, we present an investigation of Fe3GaTe2-based MTJs in which 

the tunnel barrier is based on the vdW semiconductor GaSe. Figure 7.8a shows a 

typical Fe3GaTe2/GaSe/Fe3GaTe2 heterojunction. The AFM study indicates that the 

thickness of the spacer GaSe layer is ~ 8 nm (inset of Figure 7.8a). By applying a 

constant bias voltage (V = 0.5 V) and sweeping the perpendicular magnetic field (B), 

we observed a room-temperature magnetoresistance of 36%, which is similar to that 

measured in Fe3GaTe2/WSe2/Fe3GaTe2 MTJs, see Figure 7.8b. We observed similar 

behaviours in other MTJs based on GaSe layers of different thickness (Table 7.1). 

 

Figure 7.8 Room-temperature magnetoresistance in a Fe3GaTe2/GaSe/Fe3GaTe2 

MTJ. (a) Optical image and AFM image (upper-right inset) of a 

Fe3GaTe2/GaSe/Fe3GaTe2 (thickness 20 nm/8 nm/12 nm) heterojunction device 

encapsulated by a top hBN layer. Scale bar: 10 μm. The lower-left red line shows the 

height profile of the GaSe layer. (b) Room-temperature resistance and TMR versus 

perpendicular magnetic field (B) of the device at V = 0.5 V. 
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maximum value at V = +0.5 V. A similar dependence is observed in the negative 

voltage range with a maximum TMR at V = -0.5 V. To better understand the variation 

of the TMR with bias, we measured the I–V curves of the devices in parallel and 

antiparallel states, respectively (Figure 7.9c). The TMR–V curves at different 

temperatures are shown in Figure 7.9d. Each curve exhibits an M-shaped dependence 

on the TMR on V. In Figure 7.9d, the TMR–V curves overlap with the data (circles) 

extracted from Figures 7.9a and 7.9b. The investigation of this characteristic voltage 

dependence of the TMR is ongoing and involves an understanding of the band 

structures of GaSe and Fe3GaTe2, and the dependence of magneto-tunnelling on the 

applied voltage. 

 

Figure 7.9 Bias-dependent magnetoresistance in a Fe3GaTe2/GaSe/Fe3GaTe2 

MTJ. (a-b) TMR versus B of the device at different bias voltages ranging from -0.9 V 

to +0.9 V at (a) T = 10 K and (b) T = 300 K. (c) I–V curves of the device in parallel 

(blue) and antiparallel (red) states at T = 10 K. (d) The corresponding TMR as a 

function of V at different temperatures ranging from 10 K to 300 K. The hollow 

symbols are extracted from the TMR–B curves in Figures (a-b). 
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Table 7.1 Magnetoresistance in Fe3GaTe2/GaSe/Fe3GaTe2 MTJs with different GaSe 

thicknesses at T = 10 K and T = 300 K. 

GaSe thickness 
TMR 

(T = 10 K, V = +0.5 V) 

TMR 

(T = 300 K, V = +0.5 V) 

7 nm 74% 18% 

8 nm 90% 36% 

10 nm 101% 27% 

 

7.6 Summary 

In summary, our results demonstrate that the vdW heterostructure 

Fe3GaTe2/WSe2/Fe3GaTe2 provides an excellent platform for MTJs. It exhibits an 

ideal tunnelling behaviour with a TMR signal as large as 85 % at room temperature, 

corresponding to a spin polarization of 55 %. The large room-temperature 

magnetoresistance is comparable to that of state-of-the-art conventional MTJs and 

represents a significant advance due to the absence of room-temperature TMR in 

all-2D MTJs. We also observed room-temperature TMR in Fe3GaTe2/GaSe/Fe3GaTe2 

MTJs. In this case, we revealed a characteristic dependence of the TMR on the 

applied voltage, which requires further investigation. By adjusting the thickness of the 

spacer layer, the TMR could be further increased. Also, we envisage that the use of 

tunnel barriers in Fe3GaTe2-based MTJs, such as the vdW insulator hBN, larger 

TMRs could be achieved, offering opportunities for further advances and new 

possibilities for next-generation spintronic devices. 
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Chapter 8  

Conclusions and outlook 

This PhD focused on the investigation of charge- and spin-quanta in van der 

Waals (vdW) heterostructures, that combine nanolayers of graphene, GaSe, WSe2, 

ferroelectric α-In2Se3 or ferromagnetic Fe3GaTe2. Devices based on these 

two-dimensional (2D) materials demonstrate great potential for future technologies, 

such as ultraviolet photodetectors, non-volatile memories and low-power electronics.  

The sections below examine these findings and discuss future prospects for 

development. 

 

8.1 Graphene/In2Se3/graphene ferroelectric semiconductor junctions 

We demonstrated the potential of ferroelectric semiconductor junctions (FSJs) 

consisting of α-In2Se3 sandwiched between two single-layer graphene electrodes. The 

ferroelectric polarization of the α-In2Se3 layer can be manipulated by applying a 

voltage, resulting in the tuning of the Schottky barrier height at the graphene/α-In2Se3 

interface, and thus modulating the electron transmission across the junction, which 

causes memristive effects. These effects are robust processes over a wide range of 

temperatures (100 ~ 380 K). However, they can be influenced by the ionization of 

defects and impurities that reside in n-type α-In2Se3, a phenomenon that tends to 

weaken the memristive effect. The additional free carriers generated by impact 

ionization, tunnelling and thermionic injection can neutralize the polarization charges 

at the graphene/α-In2Se3 interface and influence the hysteretic behaviour in the 
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electrical transport. Furthermore, light has been shown to effectively modify the 

electronic properties and memristive effects of these FSJs, with high 

photoresponsivity (~ 105 A/W) and rapid photocurrent modulation (~ 1 ms) as a result 

of α-In2Se3's suitable bandgap (1.4 eV) and its favourable interface with graphene. As 

FSJs with symmetrical two-terminal structures, graphene/In2Se3/graphene 

heterojunctions achieve robust memristive effects, like other α-In2Se3-based FSJs or 

ferroelectric field-effect transistors (FeFETs).97,109,112,113,169,270-273 Due to high storage 

density, low energy cost and short response time, vdW FSJs are promising for use in 

high-performance nanoelectronic devices. This work was published in 2D Materials 8, 

045020 (2021). 

 

8.2 Van der Waals interfaces for ultraviolet photodetection 

We have examined the vdW interfaces in graphene/p-GaSe/n-In2Se3/graphene 

heterostructures for high-responsivity ultraviolet (UV) photodetectors. These 

junctions exhibit high photoresponsivity and low dark current under forward or 

reverse biases, or even without any externally applied bias. As a result, these 

multilayer vdW heterostructures could play a pivotal role in advancing 

high-performance 2D semiconductor-based devices for a wide array of applications. 

The operation of this type of pn-junction based differs qualitatively from that of a 

traditional semiconductor diode, as also observed in other thin vdW junctions in the 

literature.26,63,202,215,274-277 The type-II band alignment at the GaSe/In2Se3 interface and 

the built-in potential at the three vdW interfaces (e.g., graphene/GaSe, GaSe/In2Se3, 
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and In2Se3/graphene interfaces) help to reduce carrier recombination, resulting in 

enhanced photoresponsivity (up to 102 A/W) and detectivity (up to 1013 Jones), 

surpassing conventional UV-enhanced silicon detection technology.197,216,217 Scanning 

photocurrent microscopy reveals that the contributions of the three vdW interfaces to 

overall responsivity can vary between devices due to layer non-uniformity and 

coupling. For instance, defects in GaSe can act as recombination centres, leading to a 

voltage-modulated photoluminescence emission. These results were published in npj 

2D Materials and Applications 6, 61 (2022). 

 

8.3 Room-temperature magnetoresistance in magnetic tunnel 

junctions 

We demonstrated a large tunnel magnetoresistance (TMR) at room temperature 

(T = 300 K) in vdW magnetic tunnel junctions (MTJs) based on a thin (< 10 nm) 

semiconductor spacer WSe2 layer embedded between two Fe3GaTe2 electrodes with 

intrinsic above-room-temperature ferromagnetism. This Fe3GaTe2/WSe2/Fe3GaTe2 

heterostructure is an excellent platform for MTJs, which are the core component of 

in-memory technologies, such as magnetic random-access memory, magnetic sensors 

and programmable logic devices. The MTJ exhibits an ideal tunnelling behaviour with 

a TMR signal as large as 85 % at room temperature, corresponding to a spin 

polarization of 55 %. The large room-temperature magnetoresistance is comparable to 

that of state-of-the-art conventional MTJs and represents a significant advance due to 

the absence of room-temperature TMR in all-2D MTJs.234,248,249,261,278 The TMR 
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decreases as the temperature increases, disappearing above the Curie temperature of 

Fe3GaTe2 (~ 400 K), while the temperature-dependent spin polarization can be fitted 

well by a power law given by P = P0(1-T/TC)γ. We also observed room-temperature 

TMR in Fe3GaTe2/GaSe/Fe3GaTe2 MTJs, which provides the conditions for further 

study of the magneto-tunnelling transport mechanisms. These results were published 

in Chinese Physics Letters 39, 128501 (2022). 

 

8.4 Outlook 

Throughout this PhD project, novel discoveries have emerged, as well as new 

questions have been raised. These have sparked ideas and possibilities for further 

exploration, and triggered thinking about the development of 2D materials, which are 

detailed in this section. 

To advance the field of FSJs, continued research into device design, 

mechanisms, and fabrication is essential for achieving reliable, optimized, and 

predictable memristive behaviours in graphene-based vdW heterostructures with 

ferroelectric tunnelling barriers. Literature demonstrates that a higher on/off ratio can 

be achieved by introducing an asymmetry in the FSJ structure.271 Preparing thinner 

ferroelectric material interlayers also contributes to achieving higher tunnelling 

electroresistance (TER) in these devices, although there are still doubts about whether 

materials can maintain their ferroelectric properties at extremely thin 

thicknesses.15,89,279,280 Additionally, the development of ferroelectric semiconductors 

with controlled n- and p-type doping is critical for the integration of ferroelectric 
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materials into multi-functional devices in the future. 

For the investigation of vdW photodetectors, optimizing their fabrication to 

minimize the impact of crystal defects can improve these devices.226 Further 

optimization of layer thickness, doping, and scalable growth could yield designs with 

even higher responsivity and detectivity, providing an alternative to traditional UV 

detection technologies. Fabricating sharper and polymer-free vdW interfaces can 

overcome slow photoresponse dynamics by reducing interlayer charge trap density, 

which is a technical challenge rather than an intrinsic limitation.274 Another possible 

technological advancement would involve incorporating vdW photodetectors into 

conventional complementary metal-oxide-semiconductor (CMOS) imaging systems. 

Potential areas of application could include imaging sensors or integrated 

optoelectronic circuits.185,274,281 

VdW magnetic tunnel junctions also require further investigation. By adjusting 

the thickness of the spacer layer, the TMR could be further increased. Also, we 

envisage that the use of tunnel barriers in Fe3GaTe2-based MTJs, such as the vdW 

insulator hBN, larger TMRs could be achieved, offering opportunities for further 

advances and new possibilities for next-generation spintronic devices. More 

significantly, by combining ferroelectrics and ferromagnets layered materials, 

multiferroic tunnel junctions (MFTJs) have the potential ability to control magnetism 

via an electric field and vice versa. Using first-principles simulations, literature has 

proposed artificial 2D multiferroics via a vdW heterostructure formed by 

ferroelectric/ferromagnet/ferroelectric, for multifunctional nanoelectronics.280,282-285 



120 
 

However, the experimental realization of MFTJs remains a challenge due to the 

influence of the depolarization field and poor interface quality. 

Generally, 2D materials offer unique opportunities for a wide range of vdW 

heterostructures without the constraint of lattice matching, which helps to explore 

novel optical, electrical, and magnetic devices. However, current research on devices 

based on 2D vdW materials is still at the laboratory stage. To promote their 

development towards the industrial field for programmable logic devices or 

in-memory computing in the post-Moore era, practical difficulties need to be 

overcome: 

1. Develop feasible processes for large-scale fabrication of vdW devices, 

including wafer-scale growth technologies for mass production and processes for the 

batch assembly of vdW heterostructure devices. Through chemical vapour deposition 

(CVD), molecular beam epitaxy (MBE) and other methods, wafer-scale growth of 

vdW materials has been widely achieved, while the assembly process still usually uses 

dry transfer technology, which is only suitable for laboratory situations with low 

device quantity requirements.  

2. Improve the stability of vdW devices. Exfoliation-made electronic and 

optoelectronic devices based on vdW materials usually have poor stability, with 

device parameters and performance easily changing over time, which is extremely 

unfavourable for practical applications. Among potential vdW integrated circuits, 

strict control of the production process is required to ensure that each vdW transistor 

meets the electrical requirements.  
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Although there are still many difficulties to be solved on the road to the 

application of vdW materials, they are an indispensable choice for studying novel 

physical effects. Since the advent of 2D materials, people's understanding of 

low-dimensional physics has been greatly expanded. 2D vdW materials are excellent 

platforms for observing various quantum phenomena, such as quantum Hall effects in 

graphene/InSe heterostructures and Mott transitions in semiconductor moiré 

superlattices.286,287 As the study deepens, more interesting physical phenomena and 

novel research areas will undoubtedly be discovered and explored. 
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