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Summary 

In the past decade, we have witnessed rapid developments in electronic 

technology. Semiconductor devices are getting smaller and more powerful, 

following the Moore’s Law. Nevertheless, silicon-based transistors are rapidly 

approaching their scaling limit, and thus exploration of new channel materials as 

well as novel device architectures is highly demanded for the further 

miniaturization of devices. To discover next-generation device technology, 

atomically thin two-dimensional (2D) materials have been intensively explored as 

potential channel materials for replacing silicon. Among them, semiconducting 

layered compounds called transition metal dichalcogenides (TMDs) are widely 

regarded as very promising candidates due to their exceptional electrical and 

optical properties. One of the most studied compounds in the TMDs family is MoS2, 

which has shown attractive properties such as exceptional field effect transistor 

(FET) characteristics, superconductivity and valley Zeeman effect. Other new 2D 

materials have also been theoretically proposed and experimentally explored. One 

of these is germanane (or GeH), which is just now beginning to be studied; because 

of this, physical properties of GeH remain largely unknown. 

 As part of my four years of PhD study, I spent two years at the University of 

Groningen, working on understanding the physical properties of the 2D materials 

MoS2, WS2, graphene and GeH. This thesis focuses only on electrical transport, 

especially the quantum transport properties of MoS2 and GeH. Quantum transport 

in most of the studies in this thesis is related to a special device structure called 

electrical double layer transistor (EDLT). Chapter 2 and 3 studied the vertical 

hetero-states formed in a single few-layer MoS2 flake, in which two parallel 

conducting channels were identified and the interaction between these two 

channels can be electrically tuned by the field effect. Chapter 4 discussed the 

properties of a lateral superconductor-normal metal (SN) junction formed at the 

surface of MoS2. Chapter 5 discussed the structure and transistor characteristics of 

thin germanane flakes. The project in the first half of my study in HKUST involved 

studying the physical properties of one-dimensional single-walled carbon 

nanotubes (SWCNTs) and was presented in the Appendix of this thesis. 

Vertical hetero-states in multi-layer MoS2 (Chapters 2 and 3) 

In previous studies of multi-layer MoS2-EDLT, superconductivity was observed 

and it showed strong 2D characteristics. Theoretical calculations revealed that the 

ionic gating confines carriers mostly to the topmost layer. In our transport study of 
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a dual-gate MoS2 transistor on an h-BN substrate, two parallel conducting 

channels were distinguished. Superconductivity is induced at the top surface of the 

few-layer MoS2 flake by employing the well-known ionic gating technique. The 

carrier density induced by ionic gating is in the order of ~1014 cm-2. Due to the 

strong Thomas-Fermi screening effect, charge carriers are mainly confined to the 

topmost layer; the bottom layers remain intrinsically semiconducting. The 

conductivity of the bottom layers is well controlled by the back gate. Pronounced 

Shubnikov-de Haas (SdH) oscillations are observed in high magnetic fields after 

the superconductivity is suppressed. The carrier densities that account for the SdH 

oscillations can be calculated from the oscillation period, and they turn out to be 

more than one order of magnitude lower than the minimum carrier density for 

achieving superconductivity. This result suggests that the superconductivity and 

SdH oscillations originate from the top and bottom surfaces, respectively, which 

unambiguously confirms the two parallel conducting channels model. There are 

two reasons for the high carrier mobility of the bottom channel: (1) compared to 

SiO2, the atomically flat h-BN substrate effectively reduces the scattering that 

originates from the substrates, and (2) the top highly doped channel acts as a 

screening layer for the bottom channel and thus improves the mobility.  

 The Landau level degeneracy g = 3 can be obtained from the SdH oscillations, 

the result is consistent with previous reports. Another important parameter is 

effective mass, m* = 0.6 me, obtained from the temperature dependence of the SdH 

oscillations. These two parameters provide important information about the 

energy state of the bottom channel. They suggest that the conducting electrons in 

this channel are from the Q/Q’ valleys, because for the K/K’ valleys at the corners 

of the Brillouin zone the electron effective mass is m* = 0.5 me, and the Landau 

level degeneracy g should be 1 if the Fermi level resides at the K/K’ valleys. The 

obtained Landau level degeneracy g = 3, which is equal to half of the 6 Q/Q’ valleys, 

indicating that the valley degeneracy is lifted by the magnetic field, corresponding 

to the valley Zeeman effect.  

The top and bottom conducting channels in multi-layer MoS2 form a vertical 

junction, analogous to the conventional van der Waals heterojunction. New device 

functionalities have been developed by controlling the interaction between the two 

channels. A similar device configuration was reproduced for a MoS2-EDLT on a 

high-κ dielectric HfO2 substrate. The ionic gating induces superconductivity in the 

top surface and the back gating induces a metallic state in the bottom surface. With 

the HfO2 back gate, the conductivity of the bottom channel can be tuned to a larger 

extent compared to a SiO2 back gate. Amazingly, the superconductivity in the top 

channel can be effectively controlled in different manners according to the 

electronic state of the bottom channel. For negative back gate voltages, the bottom 

channel remains insulating and acts like an additional gate dielectric layer for the 
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back gate tuning of superconductivity in the top channel. A continuous 

superconductor-insulator (SI) quantum phase transition is realized based on this 

configuration. For positive back gate voltages, on the other hand, the bottom 

channel becomes metallic due to electron accumulation. The strong anti-proximity 

effect between the bottom metallic channel and the top superconducting channel 

can suppress the superconductivity significantly. A “bipolar-like” superconducting 

transistor is created with different working principles in different back gate 

regimes. For negative back gate bias, the superconductivity is continuously 

switched off by field effect depletion of carriers. For positive back gate bias, the 

anti-proximity effect between the top superconducting channel and the bottom 

metallic channel suppresses the superconductivity.  

Lateral superconductor-normal metal junction in MoS2 (Chapter 4) 

After studying the vertical interactions in few-layer MoS2 flakes, we then 

focused on the lateral transport at the surface of MoS2. We fabricated another 

MoS2-EDLT device, also on an h-BN substrate but with the middle part of the 

MoS2 flake covered by a top h-BN flake. At the h-BN covered MoS2 surface, the 

ionic gating has a very weak doping effect because the h-BN separates ions from 

the MoS2 surface; hence it is in the normal state. In the exposed MoS2 surface, 

superconductivity can be easily induced by the ionic gating, hence it becomes 

superconducting. The conductivity of the h-BN covered MoS2 channel can be 

controlled by the back gate similar to a traditional transistor. With positive back 

gate voltages, the h-BN covered MoS2 channel becomes metallic, and an SN 

junction forms. From the transfer curves of the h-BN covered MoS2 channel, the 

high mobility indicates the high quality and homogeneity in the MoS2. This is 

further proven by the observation of the SdH oscillations under strong magnetic 

fields. Both the Landau level degeneracy and effective mass obtained from this 

measurement are in line with the values obtained previously by measuring the 

bottom high-mobility channel of the multi-layer MoS2 flake.  

Due to the huge doping level variation between the exposed and h-BN covered 

surface of MoS2, an energy barrier forms at the SN interface. The strength of the 

barrier is intermediate (in between a zero barrier and a strong tunneling barrier), 

inferred from the intermediate resistance which is in the order of 1 kΩ. In this case, 

when the current flows from the normal to the superconducting channel, both the 

Andreev reflection and normal reflection occur at the interface with a finite 

probability. From the theoretical calculations, the probability of Andreev reflection 

is not a monotonic function of electron energy. As the electron energy increases, 

the Andreev reflection probability first increases and then decreases, and the 

maximum is reached when the electron energy is equal to Δ (where 2Δ is the BCS 
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superconducting gap). In our case when we apply a perpendicular magnetic field, 

the energy gap of the superconducting channel can be effectively reduced, hence 

the probability of the Andreev reflection increases at the small fields due to the 

decay of the superconducting gap. This manifests as a negative magnetoresistance 

(MR) observed in the small field region. With further increase in the magnetic field, 

the breaking of Cooper pairs dominates and a positive MR appears.  

Germanane transistor (Chapter 5) 

While the TMDs family represented by MoS2 shows great potential for 

application, other new 2D materials are also being explored. Silicene and 

germanene attract a lot of interest because they are compatible with current 

silicon- and germanium-based transistors. However, silicene and germanene lack 

intrinsic band gaps and are not stable in ambient conditions. These difficulties can 

be overcome by hydrogen-termination on both sides of the 2D structure, yielding 

silicane and germanane. As an extension of the exploration of the quantum 

phenomenon in 2D materials, we studied the transport properties of germanane 

(GeH) transistors. The large band gap is corroborated by the insulating state 

observed in pristine GeH. Without further treatment, the conductivity cannot be 

tuned by either back gate or ionic liquid gate. Thermal annealing in an inert gas 

atmosphere was tested. After annealing, the conductivity is significantly improved 

and the enhancement is positively correlated with the annealing temperature, with 

higher temperatures generally leading to more conductive states. In particular, p-

type FET characteristics are observed with an on/off ratio of ~30 after annealing 

with intermediate temperature. With high temperature annealing, a metallic state 

is obtained. By comparing the resistivity and Raman spectra with other allotropes 

of Ge, we believe that what we obtained after annealing is multilayer germanene. 

At low temperatures, weak antilocalization is observed in the magnetoresistance of 

annealed GeH, indicating the presence of strong spin-orbit interaction. These 

behaviors are the first experimental observations in multilayer GeH. 

Ultra-small carbon nanotubes (Appendix) 

In addition to 2D materials, one-dimensional (1D) materials are regarded as 

another basic unit component for the nanotechnology industry. As a typical 

representative of 1D materials, carbon nanotubes (CNTs) have been intensively 

studied because of their unique properties. 1D-gated 2D semiconductor field effect 

transistors (1D2D-FETs) have been reported very recently. The 1D2D-FET is 

composed of a MoS2 channel and a single-walled CNT gate with length ~1 nm, it 

exhibits high current on/off ratios, low subthreshold swing and small leak current. 
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To achieve device applications, synthesis of desirable chirality (n,m) CNTs at a 

given location with well-controlled direction and length is highly demanded.  

In the first half of my PhD studies, I focused on the synthesis of ultra-small 

SWCNTs in the linear channels of AlPO4-5 (AFI) zeolite crystals. The diameter 0.4 

nm is confirmed by the Raman spectra and high-resolution transmission electron 

spectroscopy (HRTEM). While the old method used the organic template inside 

AFI crystal channels as the carbon source for growing CNTs, we developed a new 

CVD method that can greatly improve the efficiency of the growth. Different 

heating processes were tested to optimize the conditions for growing 

SWCNTs@AFI. By using ethylene as the carbon feedstock and heating at 700 oC, 

the quantity as well as the quality of SWCNTs were significantly improved. From 

the Raman spectra, both the RBM and G bands are stronger compared to those 

from the old process. Two observable RBM peaks at 535 and 551 cm-1 indicate that 

the 0.4 nm-SWCNTs@AFI are primarily composed of (5,0) and (3,3) nanotubes, 

which is in line with the theoretical calculations. Interestingly, it was found that by 

using CO as the carbon stock, the SWCNTs were mainly composed of (5,0) 

nanotubes. This result also provides the possibility of developing a chirality-

selective process for growing 0.4nm-SWCNTs@AFI using CO. 

Outlook 

With the combination of ionic liquid gating and back gating, various interesting 

phenomena have been observed in dual-gate MoS2 transistors. Vertical electronic 

hetero-states form at the top and bottom surface of a single few-layer MoS2 flake. 

These two hetero-states can interact with each other through the anti-proximity 

effect. SdH oscillations are observed in the bottom channel. By further improving 

the device quality, we can explore the possibility of developing a well-defined 

quantum Hall state in MoS2, which have never been observed so far. Another 

interesting direction is to make use of the vertical junction, if superconductivity is 

induced in the electron conduction band of MoS2 and the bottom channel is tuned 

to hole conduction, a vertical p-n junction forms with the n side being 

superconducting. This device configuration can be used to generate entangled 

photon pairs.  

While preliminary results show evidence for the production of multilayer 

germanene, more characterization techniques, such as XRD, PDF and XPS, are 

necessary to confirm this conclusion. Since the present samples are relatively thick, 

making FETs based on ultra-thin layers of GeH and studying its thermal and 

transport properties remain challenging. Furthermore, it is very interesting to 

study the optical properties of annealed GeH. Due to the observed large spin-orbit 

mailto:0.4nm-SWNT@AFI
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coupling, GeH is attractive for developing optoelectronics based on annealed thin 

GeH flakes.  

0.4nm-SWCNTs in the linear channels of AFI crystals provide a platform for 

studying quasi-one-dimensional (1D) material systems, which have shown 

interesting electronic properties. Evidence for superconductivity has been 

observed in this system. According to the BCS theory, the superconducting 

transition temperature Tc is given by 𝑘𝐵𝑇𝑐 = 1.13𝐸𝐷𝑒−1/𝑁(0)𝑉  , where kB is the 

Boltzmann constant, ED is the Debye cutoff energy and V is the electron-phonon 

coupling potential. N(0) is the density of state (DOS) at the Fermi level. It is well-

known that there are Van Hove singularities in the band structure of CNTs, where 

the DOS is very large. If the Fermi level is shifted to the Van Hove singularities, 

N(0) becomes very large, and therefore a high transition temperature may be 

realized. With the quality of the 0.4 nm-SWCNTs@AFI significantly improved, it is 

interesting to explore the electronic properties of these ultra-small nanotubes. 

Combined with the EDLT technique, valuable results may be obtained. 

 

 

 


