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Chapter 1. Introduction 

 

 

Abstract 

This chapter presents a brief introduction to the two 2D materials studied in 

this thesis: semiconducting transition metal dichalcogenide—molybdenum 

disulfide (MoS2), and graphane analogue—germanane (GeH). The crystal 

structures, sample preparation methods and basic physical properties are 

discussed. A brief overview of this thesis is presented at the end of this chapter. 
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1.1 Two-dimensional (2D) layered materials 

In 2010, the Nobel Prize in physics was awarded to Andre Geim and Konstantin 

Novoselov for their groundbreaking experiments in isolating two-dimensional (2D) 

carbon: graphene [1]. Figure 1.1(a) shows the lattice structure of graphene, which is 

composed of a flat monolayer of carbon atoms arranged in a honeycomb lattice. 

Graphene shows many extraordinary properties: it is the thinnest and strongest 

material known—about 100 times stronger than steel [2]; it is almost transparent 

yet impermeable to gases [3]; it exhibits very high thermal conductivity and 

stiffness [4]; furthermore, graphene shows extremely high conductivity and can 

withstand current densities six orders of magnitude higher than copper [5]. 

 

Figure 1.1 (a) Crystal structure of graphene, carbon atoms are arranged in a hexagonal lattice. 

The dashed rectangle indicates the unit cell, which is composed of inequivalent A and B carbon 

atoms. The A and B carbon atoms form two sub-lattices. (b) The Brillouin zone in reciprocal 

space. (c) Left: energy dispersion relations of graphene. Right: a blowup at the corner of 

Brillouin zone, showing the linear relation close to the Fermi surface with low energy excitation. 

The hallmark feature of graphene’s electronic properties is the linear dispersion 

relation 𝐸 = ℏ𝑣𝐹𝑘. Close to the Dirac point, the density of states reaches zero, as 

shown in Figure 1.1 (b) and (c). Compared to the quadratic bands in normal 

semiconductors, the linear band implies vanishing effective mass; therefore the 

Fermi velocity of the Dirac quasi-particle can reach 106 m/s. In practice, very high 

mobility up to 106 cm2V-1s-1 has been observed at low temperatures [6]. Despite the 

rich physics in this Dirac material, the application of graphene is very limited 

because of its electronic band structure: as a semimetal with zero band gap, field 

effect transistors (FETs) made with graphene cannot be switched off. Chemical 

modification or nanofabrication can create energy gaps in graphene, but its 

distinctive properties, specifically its high mobility, will also be greatly reduced, 

making the complicated fabrication process inferior to the mature technology-

based conventional semiconductors. 
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On the other hand, the discovery of graphene and the methodology of isolating 

2D materials have stimulated research into a variety of other 2D materials that are 

attractive for applications in electronic and photonic devices. Transition metal 

dichalcogenides (TMDs) are one of the most widely studied graphene counterparts. 

TMDs refer to a family of compounds with the formula MX2, where M is a 

transition metal atom (Mo, W, Ta, Nb, etc.) and X is a chalcogen atom (S, Se or Te). 

Similar to the layered structure of graphite, bulk TMDs are stacked by monolayers 

with weak van der Waals force, and hence can also be easily exfoliated into 

atomically thin layers. In contrast to graphene, many monolayer TMDs are 

intrinsically semiconducting with a moderate band gap. TMDs have shown a wide 

range of electronic properties for developing transistors [7–11], optical properties 

suitable for optoelectronics [12–14] and mechanical properties for potential 

applications in flexible and transparent electronic devices [15–18]. 

TMDs have different electronic properties, which are primarily determined by 

the different transition metal atoms and the polytypes with different crystal 

structures. The electronic properties of the most commonly studied TMDs are 

summarized in Table 1.1 [10]. In general, TMDs composed of Mo or W are 

semiconducting and those made with Ta or Nb are metallic. For metallic TMDs, 

exceptional properties such as superconductivity and charge density waves (CDW) 

are well known in NbSe2 [19] and TaS2 [20], among others. On the other hand, 

chemical doping using alkali metals can also create a metallic phase in 

semiconducting MoS2, which also shows superconductivity if the correct dopants 

are chosen [21,22]. The richness of TMDs’ physical properties and chemical 

flexibilities provide an ideal platform for studying 2D electronic phases.  

 

Table 1.1 Summary of the electronic properties of TMD materials. TMDs with Nb or Ta 

metal atoms are metallic, showing superconducting and charge density wave (CDW) properties. 

Those with Mo or W metal atoms are semiconducting. Adapted from Ref. 10. 
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For semiconducting TMDs, recent studies indicate that the electronic properties 

are dependent on the number of layers [10,23]. The energy gap becomes larger 

with a decreasing number of layers, and the indirect band gap in bulk changes to a 

direct band gap in monolayers, which is indicated by the great enhancement of 

photoluminescence (PL) in monolayer compared with bulk. More importantly, 

monolayer TMDs show valley-dependent spin textures due to the breaking of 

inversion symmetry and large spin-orbit interactions in transition metal 

atoms [24–27]. Most of the semiconducting TMDs have a band gap size of 1.1 – 2 

eV, which are considered to be attractive candidates for replacing silicon in 2D 

electronic transistors.  

In terms of being applied to optoelectronics, semiconducting TMDs can be used 

to generate, detect, control or interact with light [28–30]. Modern electronics such 

as transparent displays, wearable electronics and solar cells demand 

semiconductors that are flexible and transparent. TMDs can be made one atom 

thick, which is highly flexible and transparent. There have been many prototypes 

showing attractive potential applications in optoelectronic devices such as 

photodetectors [31–34], light emitters [35–38], photovoltaics [39–41] and 

valleytronic devices [42,43]. Furthermore, direct band gap and valley-dependent 

spin texture can also support the design of optoelectronic devices sensitive to the 

circular polarization of light [12,42]. 

1.2 Molybdenum disulfide (MoS2) 

Molybdenum disulfide (MoS2) is one of the most intensively studied materials 

in the TMDs family. In daily applications, MoS2 is widely used as a lubricant and 

catalyst. As an archetypal TMD, bulk MoS2  is stacked by individual layers with 

weak van der Waals coupling; it can therefore be easily thinned down to uniform 

few-layer or monolayer flakes by mechanical exfoliation, using the simple scotch 

tape method that is widely used in graphene research [1]. Figure 1.2(a) illustrates 

the crystal structure of monolayer MoS2. The side view (left panel) shows that a 

MoS2 monolayer is composed of three atom planes, a plane of Mo atoms 

sandwiched between two S atom planes. From the top view (right panel) it is a 

hexagonal lattice similar to graphene, except that the C atoms in A and B 

sublattices are respectively replaced by one Mo and two S atoms. Correspondingly, 

MoS2 has a hexagonal Brillouin zone with the corners denoted as K (K’) points.  

Depending on the stacking order of each layer and the metal atom coordination, 

MoS2 has three different polytypes: 1T, 2H and 3R as shown in Figure 1.2(b). The 

1T phase is composed of octahedral units with AA stacking, where inversion 

symmetry is preserved in the monolayer. The 2H and 3R phases are composed of 

trigonal prismatic units, with AB and ABC stacking, respectively. For the 2H 
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polytype, the inversion symmetry is broken in the monolayer, while for the 3R type, 

the inversion symmetry is broken both in monolayer and in bulk phase [44]. The 

lattice constants of MoS2 are a = 3.15 Å and c = 12.3 Å; the interlayer spacing is 

around 6.5 Å. The different compositions of the A and B sublattices make the 

electronic properties of MoS2 very different from graphene. The most important 

feature is the presence of a substantial energy gap in the band structure, which will 

be further elaborated below. 

 

Figure 1.2 (a) Side (left panel) and top (right panel) views of monolayer MoS2. One Mo atom 

plane is sandwiched between two S planes. The structure is a honeycomb lattice with A and B 

sublattices occupied by Mo and S atoms, respectively. (b) Schematics of the structural 

polytypes: 1T (tetragonal symmetry, one layer per repeat unit, octahedral coordination), 2H 

(hexagonal symmetry, two layers per repeat unit, trigonal prismatic coordination) and 3R 

(rhombohedral symmetry, three layers per repeat unit, trigonal prismatic coordination).  

1.2.1 Band structure of MoS2 

It is known that bulk MoS2 is a semiconductor with an indirect band gap of ~1.3 

eV, which is similar to that of silicon. For the free-standing monolayer, however, 
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the indirect band gap becomes a direct band gap of ~1.9 eV [45]. Theoretical 

calculations of the band structure for bulk MoS2 and ultrathin MoS2 layers with 

different thicknesses are summarized in Figure 1.3. For bulk MoS2, the valence and 

conduction band extrema are away from the K point indicated by the black arrows. 

As the thickness decreases from bulk to monolayer, the direct transition at the K 

point stays almost unchanged. However, the indirect transition from the Γ point to 

the minimum of the conduction band (denoted as the Q point) increases by more 

than 0.6 eV as the thickness decreases. In particular for monolayer MoS2, the 

indirect transition energy exceeds the direct transition energy at the K point of the 

Brillouin zone, so monolayer MoS2 changes to a direct band gap 2D semiconductor. 

 

Figure 1.3 Band structures of MoS2 calculated by the first-principle density functional theory 

(DFT) from bulk to monolayer. The horizontal red dashed lines denote the Fermi levels. The 

black arrows show the fundamental band gaps (direct or indirect) for each system. The top of 

the valence bands and bottom of the conduction band are highlighted by blue and green solid 

lines, respectively. Adapted from Ref. 47. 

The evolution of the band structure from bulk to monolayer can be qualitatively 

understood by quantum confinement in reduced dimensions, which modifies the 

hybridization between pz orbitals of the S atoms and d orbitals of the Mo 

atoms [45,46]. Theoretical calculations show that electronic states of different 
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wave vectors are associated with electron orbitals with different spatial 

distributions: conduction band states at the K point are composed primarily of the 

localized d orbitals of the Mo atoms [46]. Since the Mo atoms are sandwiched 

between two S atom planes, states at the K point are barely affected by interlayer 

coupling. While the states at the Γ point are combinations of antibonding pz 

orbitals of the S atoms and d orbitals of the Mo atoms, the influence from 

interlayer coupling is much stronger. The energy gap at the Γ point is thus closely 

related to the number of layers.  

1.2.2 Optical properties 

The evolution of the electronic band structure of MoS2 with different numbers 

of layers can be monitored by absorption spectra, photoluminescence (PL) spectra 

and photoconductivity [46,47].  

 

Figure 1.4 (a) PL spectra for mono- and bilayer MoS2 samples. A sharp increase in the PL 

intensity is observed from bilayer to monolayer MoS2. Inset: PL quantum yield of thin layers of 

MoS2 for number of layers N = 1-6 in log scale. (b) Band-gap energies of thin layers of MoS2, 

extracted from the energy of the PL features. The dashed line indicates the (indirect) band-gap 

energy of bulk MoS2. Adapted from Ref. 45. 

Bulk MoS2 has negligible PL because of the indirect band gap; the absorption or 

emission of a photon must be assisted by a phonon to compensate for the 

momentum difference, which means the efficiency is low. This limitation does not 

exist in the case of monolayer MoS2 due to the nature of the direct band gap: 

photons with energies that are higher than the band gap can be absorbed or 

emitted efficiently. A dramatic increase in the PL is observed from double-layer to 

monolayer MoS2, as shown in Figure 1.4(a). The lowest PL peak energies for 

different numbers of layers are shown in Figure 1.4(b), which matches well with 

the calculated band gaps shown in Figure 1.3. 
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The inset of Figure 1.4(a) shows that with the change from the indirect band 

gap of bulk to the direct band gap of the monolayer, the PL quantum yield 

increases by more than four orders of magnitude. In spite of this enhancement, the 

quantum yield of MoS2 is much lower than the expected value for a direct band gap 

semiconductor. It has been reported that suspended [45] or boron nitride-

supported [48] MoS2 monolayers can reach higher quantum yields, but still below 

the theoretical value. This is because both the unintentional doping during 

fabrication and the unavoidable crystal defects suppress the intensity of PL 

significantly. However, it was recently reported that the quantum yield of MoS2 

treated by solution-based organic superacid can reach 95% [49,50]. The 

underlying mechanism is still under exploration in order to develop more efficient 

light emitters and other optoelectronic devices.  

 

Figure 1.5 (a) Simplified band structure of bulk MoS2 showing the lowest conduction band c1 

and the highest split valence bands v1 and v2. A and B are the direct band gap transitions and I 

is the indirect gap transition. Eg’ is the indirect gap for bulk and Eg is the direct band gap for 

monolayer. (b) Optical (left) and photoluminescence (right) images of a MoS2 flake on SiO2 

substrate with etched holes. The large holes in the left panel are 1.5 μm in diameter. The 

photoluminescence emission is enhanced in suspended regions over the holes, but is not 

detected in the multilayer region. (c) Absorption spectra (left axis, normalized by layer number) 

and the corresponding PL intensity (right axis, normalized by the intensity of the peak A). 

Adapted from Ref. 10. 

The absorption spectra of MoS2 are dominated by two main features, 

corresponding to the direct transition between the split valence band maxima (v1 

and v2) and the conduction band minima (c1) at the K point of the Brillouin 

zone [51], as shown in Figure 1.5(a). The band splitting is a result of inversion 

symmetry breaking and strong spin-orbit coupling. The spin splitting at the 

valence band is about 0.16 eV for monolayer MoS2 [13,52]. The so-called A and B 
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excitons can be distinguished in the absorption and photoluminescence spectra of 

MoS2 [45], as shown in Figure 1.5(c). The PL peak A matches well with the lower 

absorption peak, which can be attributed to the transition of the direct band gap, 

and peak I is attributed to the indirect transition from the Γ point of the valence 

band to the minima of the conduction band. 

Present electronic devices are primarily operated based on controlling charges, 

where the number of charge carriers bears information. As an alternative, it has 

been proposed that devices operated by controlling the spin and valley degrees of 

freedom will lead to new microelectronic devices that can increase computing 

power as well as reduce energy consumption [48,53–55]. Excitation and 

manipulation of the valley degree of freedom have attracted much interest for both 

the underlying physics and new classes of electronic devices.  

 

Figure 1.6 Schematic illustration of proposed valley-dependent selection rules at K and K’ 

points in the crystal momentum space for monolayer MoS2. Due to angular momentum 

conservation and time reversal symmetry, left-/right- handed circularly polarized light σ+/σ- 

only couples to the band-edge transition at the K/K’ point. Adapted from Ref. 55. 

For most crystals, the valley degree of freedom is degenerated due to the 

symmetric crystal structure. It is difficult to selectively pump a specific valley to 

produce valley polarization. However, monolayer MoS2 with two inequivalent 

valleys K and K’ at the corners of the Brillouin zone, has recently been proven to be 

effective for the control of valley population using optical pumping with circularly 

polarized light [48,55–57]. Because of the broken inversion symmetry in 

monolayer, strong spin-orbit interactions split the valence bands by ~0.16 eV. The 

splitting is opposite at the K and K’ valleys because of the time reversal symmetry, 

so the spin and valley degrees of freedom are inherently coupled [13,27]. When the 

optical transition happens between the upper valence band and the conduction 

band using circularly polarized light pumping, excitation only occurs at either the 

K or K’ valley depending on the helicity of the light [58]. It has been observed that 

the valley polarization remains largely preserved during the lifetime of the 

excitons [59]. Due to the coupling between the valley and spin degrees of freedom, 
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the excitation process also gives rise to photo-generated particles of a well-defined 

spin state [48,55,56,60]. 

The coupling between the valley and spin largely relies on the spin splitting at 

the K/K’ points of the valence bands, which have been well characterized by a wide 

range of optical experiments. Electronic properties at the conduction band are 

much less explored. For the purpose of studying the electronic properties at the 

conduction band, electrical transport becomes very useful. This is crucial especially 

for the multilayer MoS2, because the optical measurement becomes much less 

efficient due to the indirect band gap nature. By the electrical field tuning, the 

Fermi level can be easily shifted to access the conduction band since MoS2 shows 

n-type semiconductor characteristics. In practice, however, this is not easy to 

accomplish because the quality requirement for electrical measurement is high. In 

addition, the ohmic contact is difficult to make on the semiconducting materials 

due to the Schottky barrier.   

1.2.3 Field effect transistors (FETs) of MoS2 

Field effect transistors (FETs) are the fundamental building blocks of integrated 

circuits. A conventional transistor is composed of source and drain electrodes 

connected by the channel material made of semiconducting materials. The current 

that flows through this channel is controlled by the electrical field applied through 

the gate [61]. In industrial applications, typical transistors must provide digital 

logics with high on/off ratios for effective switching, high carrier mobility for fast 

operation, and low off state conductivity for low power consumption. Silicon is 

currently the most widely used channel material in all kinds of electronic devices. 

In 1975, Gordon Moore predicted that the number of transistors in a densely 

integrated circuit would double approximately every two years, which is known as 

the famous Moore’s Law. This prediction has proved valid for decades. However, 

silicon-based transistors are reaching their limit in decreasing size as well as 

improving performance. In order to keep Moore’s Law, the possibility of using 

nano-structures,  such as carbon nanotubes [62,63] and semiconductor 

nanowires [64], as transistor channel materials has been extensively explored. 

Since the discovery of graphene, much effort has been devoted to studying its 

electronic applications because graphene is strictly two-dimensional and has very 

high carrier mobility and its conductivity can be effectively tuned by gate 

voltage [62,65–68]. As mentioned previously, the biggest disadvantage of 

graphene is its lack of an intrinsic band gap. Hence, for graphene-based transistors, 

the on/off ratio is very low at room temperature and the off-state conductivity is 

relatively high, which limits its application in digital logic transistors.  

In contrast to graphene, transistors made of MoS2 are expected to show current 

on/off ratios in the order of 1010 because of the large band gap. Simulations of the 
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device characteristics show that for a monolayer MoS2 transistor with 15 nm gate 

length, 2.8 nm-thick HfO2 top-gate dielectric and 0.5 V source-drain voltage, the 

sub-threshold swing can reach as low as 60 mV/dec. Furthermore, the off-state 

current is very low, making MoS2 an attractive candidate for low-power 

applications [69,70].  

 

Figure 1.7 (a) Schematic illustration of top-gated monolayer MoS2 FET device. Light blue color 

represents the high-κ HfO2 dielectrics, which improves the carrier mobility due to the charge 

screening effect. (b) Room-temperature transfer characteristics for the FET with applied bias 

voltage VDS = 10 mV. Back gate voltage Vbg is applied to the substrate while the top gate is 

disconnected. The inset shows the IDS–VDS curves acquired for VBG values of 0, 1 and 5 V from 

bottom to top. Adapted from Ref. 74. 

About a decade ago, a thin-layer MoS2-based transistor was successfully 

realized, with mobility in the range of 0.1-10 cm2V-1s-1 [71,72]. In 2011, Kis and co-

workers reported a monolayer MoS2 transistor with a HfO2 top gate, the structure 

of which is shown in Figure 1.7 [31]. The use of high-κ HfO2 as the gate dielectric in 

the transistor configuration enables the channel to be effectively switched on and 

off with small gate voltage. The device can be completely turned off by changing 

the top gate voltage from -2 to -4 V. For VDS = 10 mV, the Ion/Ioff ratio is in the 

order of 106. For VDS = 500 mV, the Ion/Ioff ratio is higher than 108 in the measured 

range, while the sub-threshold swing S = 74 mV/dec. From the FET fitting, the 

mobility is higher than 200 cm2V-1s-1 at room temperature. The high-κ dielectric 

nature of HfO2 helps in screening the Coulomb scatterings from the charged 

impurities, which greatly enhances electron mobility. In addition to the 

mechanically exfoliated sample, scalable sample preparation methods such as 

liquid-exfoliated thin MoS2 flakes have shown similar FET performance [73], 

which is an important step for industrial production.  

In addition to single transistors, integrated logic circuits based on monolayer 

MoS2 have also been extensively studied [75]. The logic circuit consisting of two 
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connected transistors achieves the logic operation of converting logic “1” to “0” or 

logic “0” to “1”, as shown in Figure 1.8. The NOT logic operation shows room 

temperature voltage gains higher than 1.  

To operate the MoS2 logic circuit, the input voltage Vin is applied to the local 

gate of the lower transistor, and the VDD = 2 V is applied to the drain electrode of 

the upper transistor. When the input voltage is negative corresponding the logic 

“0”, the resistance of the lower transistor is much higher than that of the upper one, 

and hence the output voltage is close to the supply voltage of VDD = 2 V. When the 

input voltage becomes positive corresponding to the logic “1”, the lower transistor 

is switched on and becomes more conductive than the upper one, and hence the 

output voltage is close to zero. The NOT logic operation is achieved. In addition, 

more complicated multistage logic circuits based on few-layer MoS2 were also 

realized, with functions of an inverter, a NAND gate, a static random access 

memory and a five-stage ring oscillator [76].   

 

Figure 1.8 (a) Single-layer MoS2 is deposited on top of a silicon chip covered with 270 nm-thick 

SiO2. Two n-type transistors are fabricated on the same monolayer MoS2 flake. (b) The output 

voltage and transfer characteristic of the inverter as a function of the input voltage Vin. Inset: 

Schematic drawing of the electronic circuit and the truth table for the NOT logic operation. The 

middle electrode is connected to the local gate of the upper transistor, serving as output voltage 

Vout. Adapted from Ref. 75. 

1.2.4 Ionic gating and superconductivity in MoS2 

As mentioned above, field effect transistors work with a source and a drain 

electrode connected by a semiconducting channel material, where the current that 

flows through the channel is controlled by gate voltage. SiO2 formed by directly 

oxidizing the Si substrate is widely used for the gate dielectric between gate 

electrode and channel. Other oxides with higher dielectric constants, such as HfO2 

and ZrO2, can reduce the gate voltage required for accumulating the same amount 

of carriers. The high dielectric constant nature might help to improve carrier 
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mobility as well. For these oxides, the carrier accumulation capabilities are 

determined by the largest electric field that can be applied across the oxides 

without destroying them, often measured in units of MV/cm. Typically, 

conventional solid oxide dielectrics such as SiO2, Al2O3 and HfO2 cannot withstand 

too high electric fields (usually in the order of ~10 MV/cm), which limits the ability 

to tune the carrier density. 

 

Figure 1.9 Schematic illustration of charge carrier induction for an EDL device. For illustration, 

a positive gate voltage is applied between the gate electrode and channel material; cations are 

driven very close to the channel, which induces electrons at the surface. The carriers are mainly 

confined to the top surface due to the strong Thomas-Fermi screening effect.   

Alternatively, electrical double layer (EDL) has been proven to be an efficient 

way to improve device performance, especially the ability to accumulate large 

amounts of carriers [77]. In this method, especially in its recent form, ionic liquid 

replaces the traditional oxide dielectrics between the gate electrode and channel 

material. The working principle of ionic gating is shown schematically in Figure 1.9. 

Because cations/anions can freely move in the ionic liquid, when a gate voltage is 

applied between the ionic liquid and channel material, cations/anions are driven 

very close (~1 nm) to the channel surface and induce a layer of carriers with 

opposite polarity right beneath the surface of the channel material. The narrowly 

separated space charge between the ions and channel material can be regarded as a 

nano-size capacitor [78], and the capacitance is huge because the distance between 

the ions and channel surface is in the order of ~1 nm. As a result, the electric 

double layer induces very large carrier density, usually more than 1-2 orders of 

magnitude higher than that of conventional oxide dielectrics.   

Since EDL can accumulate carrier density that is beyond the limit of solid gates, 

novel electronic states [80,81] and new device functionalities [82–85] that appear 

only in the high carrier density regime can be accessed. Electric double layer 

transistors (EDLTs) fabricated with TMDs have shown various attractive electronic 

properties, including ambipolar transport [79,86], circularly polarized 

electroluminescence [42] and electric field-controlled spin polarization [87]. As 
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shown in Figure 1.10, EDLTs made of thin MoS2 flakes show ambipolar transistor 

operation, with an on/off ratio greater than 102 for both hole and electron 

transport [79].  

 

Figure 1.10 (a) Schematic of electric double-layer transistor (EDLT, a FET gated by ionic 

liquid). VDS is the source-drain voltage and VG is the gate voltage. (b) Conductivity as a function 

of top gate voltage for both bulk and thin-flake MoS2 EDLT devices. Adapted from Ref. 79. 

 

Figure 1.11 (a) Temperature dependence of the channel sheet resistance Rs at different liquid 

gate biases ranging from 0 to 6 V (indicated on the right). (b) Dome-shaped phase diagram 

showing the evolution of different electronic phases as a function of carrier density n2D. Solid 

dots represent data from ionic gated MoS2 transistor. Empty circles are the data from alkali 

metal intercalated MoS2. The quantum critical point (QCP) resides at 6 × 1013 cm-2, 

corresponding to the onset of superconductivity. Adapted from Ref. 89. 
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Superconductivity, as a special property of certain materials at low 

temperatures, has been observed in various metals (Al, Pb, Nb, etc.) and 

compounds (MgB2, NbN, YBa2Cu3O4 etc.). It is well known that superconducting 

properties can be controlled by modifying carrier density. In compounds with wide 

chemical flexibility, e.g. cuprates, doping is the most effective way to identify the 

electronic phase of materials. In cuprates, superconductivity can be induced with 

either electron or hole doping by chemically introducing impurities, forming a 

dome-like superconducting phase diagram as a function of the chemical doping 

concentration. On the other hand, chemical doping can also be achieved using the 

strong field effect. Recently, superconductivity was observed in ionic gated 

SrTiO3 [82], ZrNCl [83], KTaO3 [84], WS2 [88] and MoS2 [89] etc. Particularly, 

with ionic liquid gating MoS2 becomes superconducting when the carrier density 

reaches the level of 1014 cm-2 [89]. A dome-shaped phase diagram is established as 

shown in Figure 1.11(b). At absolute zero temperature, the critical carrier density 

for superconductivity is ~6×1013 cm-2, corresponding to the quantum critical point 

(QCP, the onset of superconductivity). At finite temperature, the phase boundary 

between superconducting and non-superconducting states is specified by the left 

edge of the shaded area. Within this range, the transition temperature Tc increases 

rapidly with the increase of carrier density. For a real device, this means that Tc 

increases with the increase of gate voltage. Recently, it is found that 

superconductivity in MoS2-EDLT shows Ising pairing mechanism [90]. The spins 

of the Cooper pairs are strongly pinned to the out-of-plane direction by the 

effective Zeeman field at the K/K’ points of the Brillouin zone. Therefore, the 

superconductivity is protected from very strong external magnetic fields that are 

parallel to the ab-plane of MoS2. The effective Zeeman field is from the strong 

spin-orbit interaction with the breaking of inversion symmetry. 

1.2.5 Shubnikov–de Haas oscillation in high mobility MoS2 

transistors 

For semiconductors, high carrier mobility is a very important factor for creating 

high-speed electronic devices. Various approaches have been studied to improve 

the performance of MoS2 FET devices. While mobility can be greatly enhanced by 

choosing high-κ gate dielectrics such as HfO2 [74] or Al2O3 [91], or by suspending 

MoS2 which shows 2-10 times of mobility and on/off ratio improvement compared 

to conventional substrate-supported devices [92]. However, the absolute mobility 

is still far from the expectation for high-speed electronics. In addition, suspended 

MoS2 is not easy to prepare due to the complicated fabrication process. 

For MoS2 on the traditional oxide substrate, the carrier mobility is largely 

limited by the roughness, charged surface states and surface optical phonons of the 

substrates. Hexagonal boron nitride (h-BN) is a very attractive substrate for 
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improving the carrier mobility of MoS2 transistors [94–99]. The structure of h-BN 

is similar to graphene, with the A and B sublattices occupied by boron and nitrogen 

atoms, respectively. Because of the strong in-plane covalent bonding, h-BN is 

expected to exhibit minimized dangling bonds and surface charge traps [94]. The 

surface of h-BN is atomically flat. Therefore by using h-BN as the substrate for 

MoS2 devices, the fluctuations in the potential and roughness of MoS2 can be 

significantly reduced compared to MoS2 on SiO2. Furthermore, the surface optical 

phonon modes of h-BN have energies much larger than similar modes in SiO2, the 

scattering from the substrate is considerably reduced. Due to these reasons, the 

mobility of MoS2 can be significantly improved when h-BN is used as the substrate. 

The van der Waals heterostructure devices created by encapsulating MoS2 between 

two h-BN flakes showed exceptional high mobility [93,100]. The contact resistance 

could be significantly reduced especially when graphene was used as contact 

electrodes. The Hall mobility reached 34,000 cm2V-1s-1 for a 6-layer flake at low 

temperatures, where pronounced Shubnikov-de Haas (SdH) oscillations were 

observed, as shown in Figure 1.12. The SdH oscillations are the periodic oscillation 

of the conductivity at low temperatures in the presence of a strong external 

magnetic field, due to the quantization of energy levels. The SdH oscillation is a 

macroscopic quantum phenomenon, which serves as direct evidence for the high 

quality and homogeneity of a device. 

 

 

Figure 1.12 Longitudinal magnetoresistance Rxx (red line) and Hall resistance Rxy (blue line) as 

a function of the B field at T = 0.3 K for monolayer MoS2 encapsulated between two h-BN flakes. 

The contacts are made of graphene. Inset: oscillation amplitude (black curve) as a function of 

1/B after subtracting the magnetoresistance background. Red dashed line is the best fitting by 

Dingle plot. The extracted quantum scattering time is 176 fs, corresponding to a mobility of 619 

cm2V-1s-1. Adapted from Ref. 93. 
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1.3 Germanane (GeH) 

In addition to TMDs, novel layered materials composed of other group IV 

elements such as silicon (Si) and germanium (Ge) have recently been discovered as 

silicene [101,102] and germanene [103]. Although they have the same honeycomb 

lattice as graphene, the 2D planes of silicene and germanene are periodically 

buckled rather than being flat. Their electrical transport is dominated by the 

unbonded pz orbitals. For silicene, both theoretical calculations [104–106] and 

experimental observations [101,102,107,108] reveal that the band structure 

exhibits a crossing at the K/K’ points of the Brillouin zone with a linear energy 

dispersion near the crossing, thus the carriers behave like massless Dirac fermions, 

making silicene almost equivalent to graphene. A field effect transistor was created 

based on single-layer silicene [109], showing ambipolar transport operation with 

an on/off ratio of ~10. For germanene, although theory has predicted similar 

electronic band structure [105], no relevant transport study has been reported. 

Overall, properties of silicene and germanene are very similar to graphene. The 

lack of intrinsic band gap largely limits their applications. It should be noted that 

silicene and germanene are not stable when exposed to air. 

It has been shown that a band gap can be created in graphene by hydrogen 

termination, the product is known as graphane [110]. Each C atom is covalently 

bonded to three other C atoms in the ab-plane and one H atom in the c-direction. 

Graphane is predicted to have a band gap of 3.5 eV by LDA calculations [111],  

while a larger band gap of 5.4 eV is obtained by GW quasiparticle calculations [112]. 

In general, the gap calculated using the GW quasiparticle method is considered to 

be more accurate, therefore hydrogenation transforms graphene into a good 

insulator. 

Similar to graphane, germanane (GeH) is obtained by adding covalently bonded 

hydrogen atoms to both sides of germanene. The covalent bonding with hydrogen 

atoms involves the pz orbitals of the Ge atoms; hence the electron transport from 

the contribution of pz orbitals is significantly suppressed. As a result, electron 

transport is dominated by the conduction band derived from s orbitals and the 

valence band derived from the px and py orbitals near the Γ point [113]. A band gap 

opens in germanane with a small effective mass at the K point of the Brillouin zone. 

Theoretical calculations using the LDA method predict that germanane has a direct 

band gap of about 1.5 eV at the K/K’ points [114,115]. Considering that the LDA 

method normally underestimates the gap size, it is expected that the real band gap 

for germanane is close to 3.0 eV [115,116]. Theoretically, the electron mobility is 

predicted to be 18000 cm2V-1s-1, which is five times higher than bulk germanium 

and ten times higher than silicon. Furthermore, the σ bond (composed of px and py 

orbitals) dominates the electron transport in germanane, instead of the original π 



Chapter 1 

18 
 

bond (composed of pz orbitals). Since the σ bond has a stronger spin-orbit coupling 

(SOC) than the π bond, a non-trivial spin-orbit gap of ~0.2 eV is expected at the 

valence band. Combined with the large direct band gap, the traditional spin-

selective optical process will also be applicable in germanane, providing attractive 

potential for optoelectronic applications in the blue/violet spectral range. 

To make this promising 2D material, a novel method has recently been 

developed to synthesize large-scale multilayer germanane by topochemical 

deintercalation from the CaGe2 precursor [117]. CaGe2 is prepared by reaction 

between high-purity germanium (Ge) and calcium (Ca) at high temperatures in 

vacuum. Then, CaGe2 is put into a concentrated HCl solution and stirred for a few 

days at low temperatures. Finally, GeH is obtained by substituting Ca with H atoms 

in CaGe2 following an ion exchange process that can be described by the following 

chemical equation: 

CaGe2 + HCl → GeH + CaCl2 

In this way, millimeter-sized crystallites and gram-scale multilayer GeH can be 

synthesized. It has been proved that the germanane grown in this manner is 

resistant to oxygen and thermally stable in ambient conditions. Single- and few-

layer GeH can subsequently be obtained by mechanical exfoliation on the SiO2 

substrate. The cleaved thin flakes have a structure similar to hydrogen-terminated 

graphene. With hydrogen-termination, GeH becomes stable in an ambient 

environment. 

 

Figure 1.13 (a) Side view of the lattice structure of multi-layer germanane. Blue spheres 

represent Ge atoms and black spheres represent H atoms. Each Ge atom is covalently bonded to 

one H atom in the c-direction. (b) Structural diagram of crystalline germanium. Adapted from 

Ref. 118. 

Figure 1.13 (a) and (b) show the crystal structure of GeH and a bulk germanium 

crystal, respectively. For the bulk germanium crystal, each Ge atom is bonded to 
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four Ge atoms with sp3 hybridization, while for GeH, each Ge atom is bonded to 

three Ge atoms in the ab plane and one H atom in the c-direction. In monolayer 

GeH, Ge atoms form a buckled honeycomb lattice similar to graphene. Lattice 

constants are a = 3.880 Å and c = 11.04 Å, with an interlayer distance of 5.5 Å. 

 

Figure 1.14 (a) Picture of the synthesized bulk GeH crystals, they are black flakes with a typical 

size of ~ 1 mm. (b) Optical image of a thin GeH flake on a 100 nm SiO2/Si wafer. (c) AFM image 

(top) and height profile (bottom) of a monolayer flake, with thickness around 0.6 nm, which is 

in line with the expected value of 0.55 nm. Adapted from Ref. 117. 

Figure 1.14(a) shows a picture of the crystals grown using the method outlined 

above. The dimensions of the flakes are typically one millimeter in diameter and a 

few hundreds of micrometers in thickness. Similar to other layered materials, bulk 

GeH is held together by weak van der Waals force, which means it can be 

mechanically exfoliated into thin flakes. Optical microscopy, atomic force 

microscopy (AFM) and Raman spectroscopy are used to characterize the GeH 

crystal. Figure 1.14 shows the optical (b) and AFM (c) images of a 2 μm × 2 μm 

monolayer GeH on a 100 nm SiO2/Si substrate. From the AFM height profile in the 

bottom panel of Figure 1.14(c), we see that the thickness of the monolayer is ~0.6 

nm. For thin flakes exfoliated on SiO2 substrate, the measured height is normally 
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larger than the real thickness of sample due to the absorption of water molecules 

and the different attractive potentials between sample flake, substrate and AFM tip. 

Considering this effect, the measured height matches well with the theoretical 

value of 0.55 nm. 

 

Figure 1.15 Experimental Raman spectra of GeH measured at ambient conditions. Inset: 

magnification of the featured peak of GeH around 300 cm-1, corresponding to the E2 vibration 

mode of Ge-Ge. Adapted from Ref. 117. 

Raman characterization has been a very useful tool to study the structures of 

many 2D materials [119,120]. Figure 1.15 (blue curve) shows the typical Raman 

spectra of GeH. The main peak appears at ~300 cm-1, which corresponds to the E2 

mode of the Ge-Ge vibration in the in-plane direction [117]. Compared to the 

crystalline germanium, this main vibration is slightly blue shifted but very close to 

the 297 cm-1 Ge-Ge stretching mode of crystalline germanium, as plotted in the 

inset of Figure 1.15(red curve). This suggests that the light H atom has a nearly 

negligible influence on the vibration mode of GeH. The ab initio calculations of the 

Γ-point phonon modes in GeH predict the emergence of Ge-based A1 and E2 

Raman modes (assuming a C6v point group) at 223 and 289 cm-1. Experiment 

observations indicate an additional vibrational mode at 228 cm-1, which matches 

well with the theoretical prediction. The symmetries of the A1 and E2 vibrational 

modes are shown schematically in the inset of Figure 1.15. It has been reported that 

with the application of high pressure, the E2 stretching mode of the Ge-Ge shifts to 

a higher frequency, suggesting that the peak position is strongly influenced by the 

strain [121]. 
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1.4 Motivation and outline of this thesis 

With aforementioned introduction, the general motivations of my thesis are as 

follows: 

(1) Recent studies showed that superconductivity can be induced in few-layer 

MoS2 flakes by ionic liquid gating. The induced superconducting state shows 

strong 2D nature: while it is easily suppressed under magnetic fields that are 

perpendicular to the ab-plane of MoS2, it survives in very large magnetic fields that 

are parallel to the ab-plane of MoS2. Theoretical calculations show that the 

superconductivity is protected by the effective Zeeman field at the K valleys of the 

Brillouin zone. This may suggest that the induced carriers are mainly confined to 

the topmost layer hence it is well isolated electronically and acts like a free-

standing monolayer; superconductivity exists in this layer. The bottom layers of 

the MoS2 flake remain intrinsically undoped. However, how to verify this 

configuration is still a challenge—no direct experimental evidence has been 

reported to explicitly prove this argument.  

(2) Optical characterization has been widely used to study the electronic 

properties of monolayer MoS2. However, optical measurement loses its power 

when dealing with few-layer MoS2, because the optical transition efficiency is low 

due to the indirect band gap characteristic. The study of the few-layer MoS2 is also 

very important because it usually shows higher mobility compared to the 

monolayer. Nevertheless, the electronic properties at the Q valleys of the 

conduction band of few-layer MoS2 are much less studied. For this purpose, 

electrical transport measurement becomes a very useful tool. Usually, MoS2 shows 

n-type semiconductor characteristics due to the defects and unintentional doping 

during device fabrication etc., so that the Fermi level can be easily shifted to access 

the conduction band by the field effect. However, electrical transport measurement 

still remains a challenge, because (a) the quality of MoS2 is usually degraded 

during device fabrication, how to make high-quality MoS2 devices with high-

mobility is a long pursuing goal for the research community of this field; (b) the 

ohmic contact required for the electrical transport measurement is not easy to 

accomplish, due to the Schottky barrier between the semiconducting MoS2 and the 

metal electrodes. 

 (3) Realizing continuous tuning between superconducting and non-

superconducting states has attracted both scientific and technological interest. In 

some superconducting systems, this can be achieved by adjusting static parameters 

such as film thickness, disorder concentration and chemical doping; but they are 

not practically efficient. From the perspective of real applications, the best way is 

to use field effect tuning. Nevertheless, previous attempts of field effect tuning of 
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superconductivity either require very high gate voltages or ultralow temperatures. 

Regarding this concern, superconductivity induced in a MoS2-ELDT device shows 

very promising potential because of the well-defined crystal structure, device 

fabrication flexibility and relatively high transition temperature (helium-4 

temperature range). Yet, how to achieve this goal remains a challenge.  

(4) The boom of graphene initiated the studies of other novel low-dimensional 

materials. Germanene—the germanium version of graphene—is very attractive 

because it is highly compatible with the current silicon- or germanium-based 

technology, showing great potential for making 2D electronic devices. However, 

germanene is a semimetal with zero band gap and it is not stable in air, hence it is 

difficult to be applied in practical devices. These drawbacks can be overcome by 

adding hydrogen termination on both sides of germanene, which is termed as 

germanane (chemical formula: GeH). Germanane is stable under ambient 

conditions, and more importantly, a gap opens in the band structure. The 

structural, thermal and optical properties have been studied, but very limited 

reports are related to its electrical transport properties. Fundamental questions 

include: whether germanane is an insulator or a conductor, whether it is a good 

candidate for field effect transistors and how strongly the spin-orbit coupling 

affects the electrical conductivity.  

(5) Besides the widely explored 2D materials, 1D structures represented by 

carbon nanotubes (CNTs) are regarded as another basic unit for the future 

electronic industry. CNTs have been intensively studied since their discovery in 

1991, owing to their unique physical properties and the 1D character. Much effort 

has been devoted to the synthesis of single-walled carbon nanotubes (SWCNTs) 

with desired chirality, at a given location and with well-controlled direction and 

length. It was reported that ultra-small SWCNTs can be produced inside the linear 

pores of aluminophosphate, AlPO4-5 (AFI) zeolite single crystals, and the 

diameters of the SWCNTs were determined to be 0.4 nm by high-resolution 

transmission electron microscopy. However, the overall quality of the 

SWCNTs@AFI is poor. How to improve the quality still needs to be explored. 

Furthermore, with such a small diameter and extremely large curvature, these 

well-aligned and mono-sized SWCNT arrays showed interesting physical 

properties, e.g. evidence for superconductivity has been observed in this system. It 

is well-known that for CNTs, there are Van Hove singularities in the band structure, 

where the density of states (DOS) is very high. It is interesting to explore the 

transport properties of these ultra-small SWCNTs; especially when combined with 

the ionic liquid gating technique, the Fermi level can be effectively shifted to access 

the Van Hove singularities where fascinating phenomena could appear. 
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To tackle all the questions and challenges above, in the main text of this thesis I 

study the quantum transport properties of MoS2 and GeH transistors, focusing on 

controlling the electronic properties of these 2D materials using field effect gating. 

This part of work was mainly accomplished at the University of Groningen (RUG). 

The Appendix discusses my earlier works about the fabrication of 0.4 nm-SWCNTs 

in the linear pores of the AFI crystals, which was carried out at the Hong Kong 

University of Science and Technology (HKUST). The outline of the thesis is as 

follows: 

Chapter 2: It has been argued that in a few-layer MoS2-EDLT device, the ionic 

liquid gating confines carriers mostly to the topmost layer, while the bottom layers 

stay almost unaffected. To verify this model, we fabricate dual-gate MoS2 

transistors, combining the ionic liquid top gate and solid state back gate. In this 

configuration, ionic liquid gate induces a large carrier density in the topmost layer, 

which becomes superconducting. The carrier density of the bottom layers can be 

well controlled by the back gate. Because the carrier density induced by back gate 

is much smaller, the bottom layers cannot reach superconducting states according 

to the established phase diagram in the previous study. As a result, two parallel 

conducting channels form in a single few-layer MoS2 crystal: the top 

superconducting channel and the bottom normal channel. The electrical 

conductivity contributed by the top channel can be characterized by the 

superconducting transition at low temperatures.  In order to evaluate the electrical 

contribution by the bottom conducting channel, we use the h-BN on a SiO2/Si 

wafer as the substrate for the dual-gate MoS2 transistor. In this way, the carrier 

mobility in the bottom channel is greatly improved, which leads to the observation 

of the Shubnikov-de Haas (SdH) oscillations. The behavior of the 

superconductivity and SdH oscillations are carefully characterized. Electronic 

properties such as the effective mass of charge carriers, Landau level degeneracy 

and spin splitting texture at the conduction band are discussed.  

Chapter 3: To tune the superconductivity in MoS2-EDLT by field effect, another 

device is fabricated on the HfO2 substrate. We use HfO2 substrate because the 

dielectric constant of HfO2 is high which means the carrier density can be tuned in 

a large amount. Ionic liquid gate induces superconductivity in the topmost layer 

and we use the back gate to tune the superconductivity at low temperatures. At 

different back gate voltages, the superconducting properties including transition 

temperatures, critical fields and critical currents are characterized. By applying 

different ionic gate voltages, the superconductivity in the topmost layer is prepared 

in two different states labeled as I and II. Specifically, state I with a lower carrier 

density, which is very close to the quantum critical point of the dome-shaped phase 

diagram (onset of superconductivity); and state II with a higher carrier density, 
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which is deep into the superconducting dome. For both states, responses with 

respect to different back gate voltages and the physical mechanisms of tuning 

superconductivity are discussed.  

Chapter 4: This chapter deals with the intrinsic properties of few-layer MoS2 

that is not doped by ionic gating. For the device fabrication, a few-layer MoS2-

EDLT is prepared on the h-BN substrate. Compared to the device configuration in 

chapter 2, the difference is that a top h-BN flake is used to partially separate the 

ionic liquid from the MoS2 surface. As a result, the h-BN covered MoS2 surface is 

not doped by ionic gating and remains intrinsically semiconducting, while the 

exposed MoS2 surface becomes highly doped and superconducting. The 

conductivity of h-BN covered MoS2 surface can be tuned by the back gate. SdH 

oscillations are observed in this channel and the electronic properties of the 

conduction band of few-layer MoS2 are discussed. At the interface between the 

exposed and the h-BN covered MoS2 surface, a superconductor-normal metal (SN) 

junction forms. The transport properties at the SN interface and the probabilities 

of Andreev reflections are studied.  

Chapter 5: To study the electronic transport properties of 2D hydrogen-

terminated germanene (GeH) as well as search for new device applications, we 

fabricate field effect transistors based on thin GeH flakes and measure their 

electrical transport properties at low temperatures and under magnetic fields. The 

samples include pristine and thermally annealed flakes, whose FET characteristics 

with respect to both solid and ionic liquid gating are studied. At last, the spin-orbit 

interaction of GeH at low temperatures is discussed. The quantum phase 

coherence length is obtained from the weak antilocalization behavior. 

Appendix: In the first half of my PhD study, I focused on the synthesis of ultra-

small SWCNTs in the linear channels of AlPO4-5 (AFI) zeolite crystals 

(SWCNTs@AFI). Different from the old method which uses the organic template 

inside the linear pores of AFI crystals as the carbon source for growing SWCNTs, a 

new CVD process is developed. Various parameters are tested for growing the 

SWCNTs@AFI including heating temperatures, pressures and different feedstock 

gases such as ethylene and carbon monoxide. The products are characterized by 

the optical microscopy, Raman spectroscopy and Thermo-gravimetry analyses, 

based on which the quality and quantity of the SWCNTs inside the AFI channels 

are discussed. Simulations are carried out to study the vibrational modes of 

different chirality of the ultra-small SWCNTs. The possibility of developing a 

chirality-selective process for growing the SWCNTs@AFI is discussed.  
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