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Abstract 
 

 
Dirac semimetals such as Cd3As2 have drawn significant interest owing to their 

distinctive linear band structure. Several studies investigate the intriguing physical 

phenomena and electronic properties of these materials. In this study, Cd3As2 nanowires were 

synthesized using vapor transport method and transferred to a highly doped p-silicon substrate 

where recessed bottom gates were initially fabricated.  Tuning of the bottom gates resulted to 

the realization of four conductance regimes forming p-n junctions in the nanowire device. 

Measurements at high magnetic fields show the formation of quantum dot in the bipolar 

regime. We find that the electrostatic potentials by the bottom gates as well as the suppression 

of Klein tunneling by magnetic field serves as tunnel barriers for the quantum confinement. 

Further investigation by performing both two-terminal and four-terminal measurements, 

allows the determination of contact resistance as well as electron and hole mobility. The ease 

in tunability of Cd3As2 makes it a practical candidate for functional quantum devices that 

require precise control of carrier density.  
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Chapter 1 

Theoretical Background 

 

 

1.1 Dirac Semimetal 

 One integral part in understanding the properties and behavior of a material, is the study 

of its electronic band structure. Through band theory, materials are generally classified into 

metal, insulator, and semiconductor, depending on the finite gap between the conductance and 

valence band. Recently, new classifications are made and new material phases are realized – 

one of which is the Dirac semimetal. 

A Dirac semimetal is a material that has an electronic band structure in which the 

conductance band and the valence band touch only at discrete points, hence known as the Dirac 

point. This leads to a band structure with zero bandgap and singular points at the Fermi surface 

which are protected by topology and symmetry [1-5]. The representative material for 2D Dirac 

semimetal is graphene, wherein there is linear energy band dispersion on two momentum 

directions. Since its discovery, graphene has been at the forefront of researches due to its 

several remarkable electronic, optical, chemical and mechanical properties. This paved way for 

the search for other topological materials which may possess unique and intriguing properties.  



 

- 2 - 

 

It was predicted that 3D Dirac points exist at the phase transition between a topological 

and a normal insulator in the presence of inversion symmetry [6,7]. There has been theoretical 

studies which predicted the existence of 3D Dirac semimetal with a β-cristobalite structure [2], 

and then the A3B structure (wherein A = Na, K, Rb, and B = As, Sb, Bi) [3]. In time, 3D Dirac 

semimetals were then experimentally realized with the discovery of Cd3As2 [4, 8-9] and Na3Bi 

[3, 10], among others.  

 

 

Figure 1.1. Comparison of band structure of (a) 2D Dirac semimetal and (b) 3D Dirac 

semimetal. Figures adapted from [11] and [5] 

 

3D Dirac semimetals have a linear dispersion which extends on all three momentum 

directions. The electrons near the Fermi energy tend to behave like highly relativistic particles 

due to this band dispersion. 3D Dirac points are protected with time reversal symmetry, 

inversion symmetry and rotation symmetry [1-5]. The symmetry protected 3D Dirac point is a 

degeneracy that is robust against spin-orbit interactions. In the case of graphene, however, the 

presence of spin orbit coupling removes this degeneracy and creates a gapped phase [12,13]. 

When a symmetry is broken, a 3D Dirac semimetal can also be driven into other quantum states 

such as Weyl semimetal [14,15] and topological insulator [1,6]. The unique band structure of 
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this material makes it a host for interesting phenomena such as chiral anomaly [16,17], 

ultrahigh carrier mobility [18,19], Landau quantization [20], etc. 

 

1.2 Cadmium Arsenide (Cd3As2) 

Cadmium Arsenide (Cd3As2), one of the theoretically predicted 3D Dirac semimetals, 

was experimentally realized in 2014 using angular-resolved photoemission spectroscopy 

(ARPES) and scanning tunneling microscopy/spectroscopy (STM/STS) techniques [4,8-9]. 

Cd3As2 has a tetragonal crystal structure, with lattice constants a = b ≈ 1.26 nm and c ≈ 2.53 

nm. It can be simply viewed as an intercalated cubic Cd sublattice with two vacancies inside a 

face-centered cubic (fcc) As sublattice [4,21-22].  

 

 

Figure 1.2. Crystal structure of Cd3As2. Figure adapted from [5] 

 

Since its realization, numerous experimental and theoretical studies were performed, 

enriching the knowledge on this material. Upon applying magnetic field parallel to the 

nanowire direction, Aharonov-Bohm (AB) oscillations are observed. This validates ballistic 

transport dominated by presence of surface states on Cd3As2 nanowires [23]. In addition, when 

the applied magnetic and electric fields are parallel, an axial current is produced leading to 
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negative magnetoresistance, a phenomenon which is believed to be a signature of chiral 

anomaly [17,24]. Conversely, if the applied magnetic field is perpendicular to the electric field, 

a giant positive magnetoresistance is observed [18,25-26]. Bulk samples show high carrier 

mobilities with values reaching up to 106 cm2/V·s [18].  Shubnikov-de-Haas oscillations are 

also observed in Cd3As2 nanowire and nanobelt samples upon application of perpendicular 

magnetic field [26,27]. Further research shows quantum Hall effect on thin films and nanobelts 

[28-34]. The mechanism of quantum Hall effect is still being debated, with Nishihaya et. al. 

attributing the origin of quantum Hall effect to be from the quantum confinement induced by 

bulk subbands in thin films [29,32], while Schumman et. al. stating that quantum Hall effect 

may form from Weyl orbits [31] and lastly Lin et. al. attributing the observed quantum Hall 

effect as a manifestation of topological surface states [28]. On the other hand, quantum dot 

formation was also observed in Cd3As2 nanowires. Despite having a gapless linear band 

dispersion, quantum confinement was realized by using high magnetic fields and electrostatic 

gating [35].  

 

1.3 p-n Junctions in Dirac Semimetal 

A p-n junction is described by two regions with different potential V. With respect to 

the charge neutrality point, one has positive energy, +V, and the other has negative energy, -V. 

These p-n junctions are formed by electrostatic gating and have already been demonstrated in 

graphene devices [36-42]. Using two gate voltages, the carrier type and density can be 

controlled. With this, the device can be operated in the unipolar regime, where there is same 

polarity in both regions (n-n or p-p), and the bipolar regime, where the regions have opposite 

polarity (n-p or p-n). 
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To be able to comprehend more the transport mechanism in the unipolar and bipolar 

regions, we need to understand Klein tunneling, the mechanism which is dependent on incident 

angle and potential gradient for its transmission probability in sharp and smooth p-n junctions. 

Klein paradox was discovered through calculating the transmission t at a barrier V(x) 

for relativistic particles. It was found out by Oskar Klein that the transmission does not decay 

with distance, which contradicts non-relativistic quantum mechanics. It was explained later 

that the reason for this was that the transmitted particles propagate as anti-particles. Moreover, 

it was then elucidated that full transmission is only valid for a sharp potential step, while for a 

potential gradient changing over a distance larger than the Compton wavelength, an 

exponentially decaying transmission is expected [43-47].  

 

 

Figure 1.3. Smooth and sharp p-n junctions. Figure adapted from [44] 

 

Since Dirac semimetals have a gapless dispersion relation, the interface between the 

electron (n) and hole doped (p) regions is not insulating. This makes it possible for the Klein 

paradox to be experimentally observed. An electron with momentum k=kx impinging at a 

perpendicular incidence, θ = 0, is able to cross the p-n interface due to Klein tunneling. 

Backscattering is forbidden due to pseudospin conservation.  At sharp p-n interfaces, 𝑘𝐹𝑑 ≪

1 , where kF is the Fermi wavevector and d is the length over which the carrier density varies. 

Transmission probability is determined by 𝑡(𝜃) = 𝑐𝑜𝑠(𝜃)2 . This shows that at oblique 
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incidence, t decreases and backscattering becomes possible. On the other hand, at smooth p-n 

interfaces, where 𝑘𝐹𝑑 ≫ 1 , the transmission probability is given by 𝑡(𝜃) =

𝑒𝑥𝑝(−𝜋𝑘𝐹𝑑𝑠𝑖𝑛(𝜃)2) [38-40,43-46]. Put simply, at zero incident angle, charge carriers are 

transmitted at high probability due to Klein tunneling. While, at finite incident angles, the 

transmission probability exponentially decreases. At low magnetic fields, it was observed that 

transmission profiles are shifted [48], while higher magnetic fields can suppress the Klein 

tunneling and significantly reduce the transmission probability [35]. 

 

1.4 Quantum Dot 

Quantum dots are nanostructures that exhibit quantum confinement in three dimensions. 

As such, the dimensions of the device are of the order of electron wavelengths. The quantum 

dot is usually referred to as an ‘artificial atom’ because the confinement results in a quantized 

energy spectrum similar to that which would be found in atoms or molecules [49-52].  

 

 

Figure 1.4. Illustration of types of confinement in one, two or three dimensions and their 

corresponding density of states  
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To further probe on the transport properties of quantum dots, a simple triple terminal 

design consisting of a source, a drain and a gate can be employed. Between these terminals is 

an island, which will qualify as a quantum dot if the dimensions are small enough. Current-

voltage measurements are used to observe the atom-like properties of the quantum dot. Figure 

1.5 shows the circuit diagram of a single electron transistor, with source, drain and gate contacts.  

 

 

Figure 1.5. Circuit diagram of a single electron transistor. 

 

Electron transport from the source to dot and from dot to the drain is possible through 

the mechanism of resonant tunneling. At high potential barriers, tunneling from source drain 

contacts to dot is weak and as such there will be a finite number of electrons on the dot. Current 

flow from consecutive tunneling events results to a reduction of number of electrons for each 

single electron tunneling through. In addition to that, higher energy is needed to add an extra 

electron to the dot because of Coulomb repulsion between electrons. Extra energy is therefore 

needed and is taken from the gate voltage. No current flows until the increase in voltage 

provides enough energy. This phenomenon is known as the Coulomb blockade [49-51] and it 

is represented by the Coulomb diamond schematically shown in Figure 1.6.   
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Figure 1.6. Coulomb blockade in quantum dot and the different conditions at varying Vsd and 

Vg. Energy diagram schematic for cases A-E in the Coulomb diamond are indicated.   

 

In a standard single electron transistor, consider an island as a quantum dot with bound 

states En. When measuring current (or conductance) while varying the source-drain voltage 

(Vsd) against the gate voltage (Vg), there will be regions with no current flowing, which is the 

so-called Coulomb blockade. The outline of the blockade region, indicated by conductance 

lines forming a diamond shape are regions where current can flow. Electrons can tunnel from 

source-drain contact to dot when either the source or drain energy (or both) is equal to that of 

the bound state En, as shown in Figure 1.6a.  At the Coulomb blockade region, the electrons are 

unable to tunnel onto the dot, and as such current cannot flow. If the Vg is increased, Fermi 

level will go down accordingly, such that if Vds = 0, then the ΔE can be determined by the ΔVg. 

As eΔVg = ΔE which is between energy levels En and En+1, this results to the inability for the 

electron to tunnel through. This is illustrated in Figure 1.6b. On the other hand, if a low Vds is 

picked and Vg is swept at a low voltage range, the conductance should oscillate at regular 

intervals until the Coulomb blockade disappears at a greater voltage. This happens because at 

a larger voltage, the Fermi level is driven down below the source, allowing the electrons to 

ably tunnel into the conductance band [50-53].  
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1.5 Motivation and Potential Applications 

In this research, we show the realization of p-n junctions in suspended Cd3As2 nanowire 

with two recessed bottom gates. Cd3As2 was the elected material in the research as it is the 

most stable 3D counterpart of graphene. Other 3D Dirac semimetal candidates are all unstable 

at ambient environment [4,14].  

Electron transport behaviors in Cd3As2 nanowire p-n junctions are investigated by 

applying perpendicular magnetic field. The device shows unipolar and bipolar regimes 

depending on two bottom gate voltages. The high mobility of Cd3As2 and its tunability makes 

it a practical candidate for functional devices that require precise control of carrier density. 

Also, with the expanding research on quantum computing, this material and its electronic 

properties show great potential for quantum devices.  
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Chapter 2 

Suspended Nanowire Device Fabrication 

 

 

2.1 Nanowire Growth 

Cd3As2 nanowires are grown by a collaborator, Prof. Jeunghee Park’s group at Korea 

University. These Cd3As2 nanowires are grown by vapor transport method shown 

schematically in Figure 2.1. Cd3As2 powders are put in a crucible which are then placed in the 

center of a chemical vapor deposition (CVD) tube. Si substrates coated in 1mm BiI3 are 

positioned 8 cm away from the source. Argon gas is flowed continuously at 20sccm. The 

powder source is heated up to 450°C, while the Si substrates are maintained at 350°C during 

growth.  

 

 

Figure 2.1. Chemical vapor transport setup for nanowire growth 
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Figure 2.2 TEM images of grown Cd3As2 nanowires. Diameter of nanowires are 60-150 nm, 

with [112] growth direction. 

 

2.2 Bottom Gate Fabrication 

A flow chart illustrating the processes for bottom gate fabrication is shown in Figure 

2.3 A 1x1 cm Si++/SiO2 substrate is first sonicated with acetone and IPA to remove particles 

and any organic contaminants. A thin layer (~200nm) of poly(methyl methacrylate) (PMMA) 

is then deposited on the substrate through spin coating. Baking at 170°C is done afterwards to 

remove solvent and improve the adhesion of resist to the substrate. The bottom gate structures 

are then realized by electron beam lithography (EBL) at 30kV acceleration voltage and 550 

μC/cm2 area dose. PMMA is a positive resist and thus exposure to electron beam leads to chain 

scission and subsequent removal of exposed areas. After development using MIBK/IPA (1:3), 

the substrate is then subjected to etching: firstly, reactive ion etching is done with CHF3, CF4 

and Ar gas. This process is anisotropic and thus unilateral layer removal is done. Wet etching 

using buffered HF is performed after to produce an undercut in the substrate. Ti/Au (10/20nm) 

metal layers are afterwards deposited by using electron beam evaporation. Top view SEM 

image of the recessed bottom gates are shown in Figure 2.4. Bottom gate widths are 

approximately 200 nm while the middle support is approximately 130 nm. 
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Figure 2.3. Fabrication processes for recessed left and right bottom gates. The depth of the 

bottom gates is approximately 70 nm. 

 

 

Figure 2.4. SEM image of recessed bottom gates.  

 

2.3 Nanowire Transfer 

To be able to transfer nanowires from the growth substrate to the Si substrate, a manual 

mechanical process is involved as shown in Figure 2.5. A cleanroom tissue is cut into a 

triangular shape to gently draw on the Cd3As2 growth substrate. The nanowires are detached 

from the growth substrate by electrostatic force and are then attached to the tip of the tissue. 

Subsequently, the cleanroom tissue is contacted with the device substrate with initially 

fabricated bottom gates to disperse the nanowires. Si substrate is more electrostatically active 
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to the nanowires, which causes the detachment from tissue. The nanowires will then lie flat on 

the surface of the device substrate. By using high magnification microscope, images of the 

dispersed nanowires are taken for nanowire selection and device design. 

 

 

Figure 2.5. Mechanical transfer of nanowire from growth substrate to device substrate 

 

2.4 Device Fabrication 

The device substrate with dispersed nanowires is then again subjected to the whole 

fabrication process which is illustrated in Figure 2.6. PMMA layer of 300nm is coated on the 

substrate by spin coating and subsequent baking. Source drain electrodes and gate connections 

are then realized by electron-beam lithography. Contrary to previous EBL, a more accurate 

procedure is done. Layer 63 alignment is performed to ensure minimal misalignment and 

prevent shorting of source drain electrodes to bottom gates. Development is then completed by 

soaking substrates in MBK:IPA (1:3) solution for 1 minute. After which, reactive ion etching 

is executed for a short time to remove the native oxide layer on the surface of the Cd3As2 

nanowire. The substrates are then quickly prepared for electron beam evaporation where Ti/Au 

(10/120nm) is deposited. After deposition, substrates are soaked in acetone to remove the 

PMMA layer and unwanted metal layers. This process is done for not more than 15 minutes to 

prevent damaging the nanowire.  
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Figure 2.6. Device fabrication processes for suspended nanowire structure. 

 

SEM images of fabricated devices are shown in Figure 2.7. Electrodes are designed at 

least 150 nm away from the bottom gate trenches to account for any misalignment during 

lithography. Electrodes are 500nm to 1μm in width. 

 

 

Figure 2.7. SEM image (fake color) of suspended nanowire structures with (a) 2 terminal and 

(b) 4 terminal configuration. Cd3As2 nanowires are shown in green color, bottom gates in 

yellow and the electrodes in orange color.  
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Chapter 3 

Measurement Technique 

 

 

3.1 Initial Characterization and Sample Preparation 

After fabrication, the devices undergo visual inspection by Scanning Electron 

Microscopy (SEM) to check the quality of the nanowire and to inspect if the electrode 

connections are all intact.  Any devices that have broken connections or overlapping nanowires 

(examples shown in Figure 3.1) should be excluded. Only devices with well-defined junctions 

should be considered for experimentation. Next, the output characteristics are measured in 

Probe Station. This is done to determine if an Ohmic contact is formed in the metal to nanowire 

interface. Two probes are contacted to the source and drain contacts and a small voltage is 

applied to see the I-V curve. In case of several electrodes, each junction is inspected. Shorting 

from bottom gate to nanowire is also checked in this process. This procedure narrows down 

which devices have relatively good resistance. 
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Figure 3.1. Examples of bad devices with (a) cracks in the electrodes due to thick nanowire; 

(b) broken electrode connections, and (c) overlapping nanostructures 

 

Once the good devices are determined, the chip is cut strategically depending on which 

devices show desirable behavior. This method is employed to avoid subjecting the entire chip 

to low temperature in He-3 fridge and causing moisture to build up on the surface of the chip 

upon sample exchange. Moisture deteriorates the performance of the device, rendering it 

unusable. The cut chip is then mounted on a sample holder unto which the chip is wire bonded 

subsequently.  Figure 3.2 shows an example of a cut chip that is wire bonded onto the sample 

holder.  

 

 

Figure 3.2. (a) 1 x 1 cm device chip before cutting, and (b) cut device chip that is wire bonded 

on a sample holder. 1 mil Au wire is used for wire bonding chip to pad. The connector pin 

makes the link from sample holder to switchbox, while the ground pin is removed during 

measurement. An insulator is glued below the device chip to isolate the device from the copper 

plate (sample holder). 
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3.2 Measurement Schematic  

Two-terminal and four-terminal configurations are employed in measuring the Cd3As2 

nanowire devices, and these are shown in Figure 3.3. Two-terminal configuration is the 

simplest method however the resistances between two leads are included in the measurement 

results. Four-terminal measurement, on the other hand, is a technique that helps in improving 

the accuracy. This configuration makes use of separate pairs for carrying current and sensing 

the voltage in electrodes. It follows then that the voltage drop in the current carrying leads is 

eliminated and not being included in the measurement value.  

 

 

Figure 3.3. Schematic for (a) two-terminal and (b) four-terminal measurement configuration 

 

3.3 Low Temperature Measurement Setup 

After wire bonding, the sample holder is attached to a dip stick which will be inserted 

into a low temperature fridge. An image of the dip stick is shown in Figure 3.4. As mentioned 

in earlier parts of this chapter, the connector pin makes the link from sample holder to dipstick 

to switchbox. A live connection is possible once the ground pin is removed, otherwise the 

ground pin serves as a safety measure for the device. Each pad on the sample holder 

corresponds to a number on the switchbox, and specific switches are turned on based on the 
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wire bonding of the device. Measurements are performed at temperatures low enough so that 

the effect of thermal vibrations is as minimal as possible.  

 

 

Figure 3.4. (a) Dip stick that is inserted in chamber (b) Switch box which is located on top of 

the stick (c) sample holder used for perpendicular magnetic field measurements and (d) parallel 

magnetic field measurements (with additional features for applying RF signal). Each pad has a 

designated number on the switch box. 

 

Devices are connected for two terminal and/or four terminal measurement setup 

illustrated in Figure 3.5. For 2-terminal measurement, the devices are measured using a 

standard lock-in technique with a reference modulation frequency of 77 Hz and an excitation 

voltage of 250 µV. Four-terminal measurement was done by using lock in amplifier SR830. A 

1 MΩ resistor is connected to a source of 0.1 to 0.2 V, giving 100 to 200 nA current bias to 

device. Voltage drop is measured at points A and B, disregarding the contact resistance of the 

device. Measurements are done at a temperature varying from 300mK to 5K. 
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Figure 3.5. Low temperature measurement setup for Cd3As2 devices. Illustration shows (a) 

two terminal measurement for determining conductance, and (b) four terminal measurement 

for eliminating contact resistance 

 

3.4 He-3 Refrigeration Mechanism 

The cooling effect of a pulse tube cooler is based on the periodic compression and 

displacement of a working gas. A schematic diagram is shown in Figure 3.6. The parts include 

a compressor at room temperature, connected to a heat exchanger which dumps heat to room 

temperature.  Next is the regenerator which is a porous matrix that can absorb heat when gas 

flows from top to bottom and then gives off heat when gas flow is from bottom to top. 

Connected next is another heat exchanger which absorbs cooling power, and then a tube where 

the gas flows back and forth. The hollow pulse tube has to be long enough to be able to separate 

the warm and cold ends. After that, is a heat exchanger which releases heat to room temperature, 

and then an orifice, which is then connected to a large container for the reservoir volume. The 

buffer volume is large enough to neglect pressure variations. The working medium used is 

Helium. 

At the first step, the piston moves towards the regenerator which subsequently 

compresses the gas. The heat exchanger removes the generated heat and gas flows to the buffer 
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as the regenerator takes heat out of the gas. At the warm end of the pulse tube, gas flows through 

the orifice which gives heat to the surroundings.  

The piston then moves away from the regenerator, allowing the expansion process. The 

gas’ temperature is decreased as it flows out of reservoir and through the orifice and the heat 

is removed. The pulse tube separates the warm and cold ends by its length, in such a way that 

the gas travels only a part of the tube length. The gas in the middle of the pulse tube never 

really leaves the pulse tube and as such it forms an insulating barrier between the cold and 

warms ends. Through this method, the gas at the cold end does not reach the warm end. 

 

Figure 3.6. Schematic of Pulse Tube cooler 
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Chapter 4 

Experimental Results 

 

 

4.1 Device Specifications 

Measurements from 8 devices are to be discussed in this chapter. Several devices were 

measured throughout the study, with a large majority showing the realization of p-n junctions. 

Measurements were done in nanowire (NW) and nanoribbon (NR) devices, as well as two and 

four-terminal configurations. Details for each device are presented in Table 1. Conductance 

measurements were performed at a temperature of ~300mK and ~4K. Magnetic field is applied 

perpendicular to the nanowire. 

 

Table 4.1. Specifications for devices measured 

Device Type Channel Width Channel Length Configuration 

A NW 150 nm 1.42 μm Two terminal 

B NR 310 nm 1.30 μm Two terminal 

C NW 165 nm 1.02 μm Four terminal 

D NR 330 nm 0.975 μm Four terminal 

E NR 251 nm 0.865 μm Four terminal 

F NR 286 nm 0.880 μm Four terminal 

G NW 170 nm 1.18 μm Four terminal 

H NW 115 nm 1.26 μm Four terminal 
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4.2 p-n Junctions in Cd3As2 Nanostructures 

The energy band diagram of Cd3As2 is shown in Figure 4.1a. For a 3D Dirac semimetal, 

the conductance band and the valence band intersect only at the Dirac points, and linear 

dispersion extends on all three momentum directions. This unique band structure results to a 

high carrier mobility and large Fermi velocity and high carrier mobility [4,5]. Figure 4.1b 

shows the tunability of each segment of the nanowire, while Figure 4.1c shows the SEM image 

and two terminal measurement configuration of the device. The left and right bottom gates tune 

the suspended parts of the nanowire. However, the segments that are in contact with SiO2 and 

under the electrodes cannot be tuned effectively and thus retain its original carrier type by 

contact doping.  

 

 

Figure 4.1. (a) Band energy dispersion for Cd3As2 (b) Tunability of different segments of the 

device and corresponding band diagram. The controllable segments are in color blue (red) 

representing p-type (n-type) doping, while the areas that cannot be tuned by the bottom gates 

are in color gray. These sections retain the carrier type from contact doping. (c) SEM image 

(fake color) and measurement schematic of the of suspended Cd3As2 nanowire device. Shown 

here is Device A. 

 

Figure 4.1b shows a side view of the device with the corresponding the band diagram 

of each segment. The suspended sections (band diagram in color red or blue) are easily tuned 

by the bottom gates and are therefore either n or p-type. The illustration shows blue for p-doped 
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and red for n-doped. The gap between nanowire and bottom gate is ~70 nm, allowing a more 

effective gating compared to the global back gate. On the other hand, the non-suspended 

segments (band diagram in color gray) that are in contact with SiO2 and/or under the electrodes, 

are affected by contact doping. The bottom gates cannot tune these areas efficiently due to 

distance and as such retains its carrier type from contact doping.  

The conductance measurement for Device A at 300mK and zero magnetic field is 

shown in Figure 4.2a. The 2D plot reveals four regions indicated by n-p, n-n, p-n and p-p 

(clockwise from top left). These labels correspond to the different carrier types on the left and 

right segments of the nanowire. The fabricated bottom gates were able to independently control 

the carrier type and carrier density of the suspended nanowire. The black dashed lines are 

borders between the unipolar (n-n or p-p) and bipolar (n-p or p-n) regions, which refer to the 

charge neutrality points of the left and right segments. Note that the borderlines are almost 

perpendicular to each other, which indicates weak capacitive cross coupling between the two 

bottom gates. This means that the left gate does not affect the right segment and vice versa. 

The magnetic field dependence of Device A is shown in Figures 4.2b-d. As the magnetic field 

increases, the conductance decreases. This is due to the bending of the carrier trajectory caused 

by the applied magnetic field. Accordingly, the mean free path becomes lower and it follows 

that the mobility and conductance also decrease. It can also be observed that the Dirac point is 

more defined and sharper at higher magnetic fields. Noticeably, there are more conductance 

oscillations as magnetic field is increased. These are further investigated by scanning the source 

drain bias dependence along a fixed gate voltage, and discussed further in the succeeding 

subsection.  

Figure 4.3 illustrates how the band diagram changes when the bottom gates are tuned 

and the suspended sections change its carrier types. The band diagram for each of the four 

regions are indicated. In the n-n region, all segments are n-doped, thus showing high 
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conductance. In the p-p region, on the other hand, conductance is much lower compared to the 

other regions. This may be attributed to the much lower hole mobility than the electron mobility 

[9].  

 

 

Figure 4.2. Formation of p-n junction and magnetic field dependence of Cd3As2 Device A 

measured at T = 300mK. (a) 2D plot measurement at B = 0T, showing the four conductance 

regimes. (b-d) Conductance plots at increasing magnetic field wherein B = 5T, 7T, and 9T 

respectively. 
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Figure 4.3. Band diagrams as the left and right bottom gates are tuned. The band diagram 

varies with the four conductance regimes. Nanowire segments touching the source and drain 

electrodes as well as the middle support are less affected by the bottom gating. 

 

For Device A, the nanowire segments are slightly n-doped since the lowest conductance 

values in the 2D plots occur in the slightly negative gate voltages VL and VR. These segments 

cannot be tuned efficiently by the bottom gates and as such remains n-type. The bipolar regimes, 

n-p and p-n regions, show the formation of an n-p-n cavity over the right and left gate 

respectively. In line with this, a double n-p-n cavity is present at the p-p region due to 

application of negative voltage on both bottom gates. 

On the other hand, for Device B, which is a nanoribbon device shown in Figure 4.4a, 

the nanowire segments are slightly p-doped. From the conductance plots in Figure 4.4b-d, the 

Dirac peak appears at positive gate voltage. In this case, the cavity that will be formed at the 

bipolar regions would be p-n-p, and the double cavity will be at the n-n region. Despite having 

a double cavity at the n-n region, it still has the highest conductance. This may again be 

attributed to the high Fermi velocity of electrons compared to holes. 
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Figure 4.4. Formation of p-n junction and magnetic field dependence of Device B measured 

at T = 2K. (a) SEM image (fake color) of Device B, setup is two terminal measurement 

configuration. (b-d) 2D conductance plots at B = 0T, 5T, and 8T, respectively. Measurement 

was done at ~4K. Four conductance regimes are also apparent on the device. (e) 1D scan at VL 

= VR magnetic field varying from 0T to 8T at 1T step, showing that the Dirac point occurs at 

slightly positive gate voltage. Hence, nanoribbon is slightly p-doped. At higher magnetic field, 

conductance oscillations start to develop.  

 

At zero magnetic field, the transition in between conductance regions does not have 

notably abrupt conductance changes, which results into a smooth p-n junction. This can be 

attributed to Klein tunneling which is described as full transmission at normal incidence. At 

zero magnetic field, there is a high transmission probability for Dirac fermions to penetrate 

through the p-n junction, which results into gradual conductance changes. However, when high 

magnetic fields are applied, the Dirac fermions are forced into a cyclotron motion by the 

Lorentz force. The bending of the trajectories near the p-n junction significantly lowers the 

transmission probability, suppressing Klein tunneling and conductance accordingly. The 

conductance changes become abrupt, which then results into a sharp p-n junction. This sharp 
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p-n junction can immediately be observed in the boundaries of the conductance regions at high 

magnetic fields. 

 

4.3 Quantum Dot Formation 

Further investigation in Device A shows quantum dot formation in the bipolar region 

at B = 9T, shown in Figure 4.2d. While keeping a positive left gate voltage, conductance was 

measured as a function of the right gate voltage and source-drain voltage. Conductance line cut 

at VL = 5V is shown in Figure 4.5a. Zero conductance is observed near the Dirac node, which 

is indicative of Coulomb blockade. The 2D plot shown in Figure 4.5b exhibits the quantum dot 

formation at the n-p region. Note that in this region, the device forms an n-p-n cavity with the 

neighboring leads. At zero magnetic field, there is a high probability for the carriers to tunnel 

through the p-n junction, which makes quantum confinement unlikely to happen. But as the 

magnetic field is increased, Klein tunneling is subdued which allows quantum confinement to 

take place. The cavity then begins to behave as a quantum dot.  

The largest Coulomb diamond appears at VR ~ 4V, and this is shown in Figure 4.4b. 

The dimensions obtained from the diamond give values for addition energy and gate 

capacitance. Addition energy is defined as the energy needed to add an electron into the dot, 

and is be determined through the height of the diamond. The addition energy is ~4meV. Gate 

capacitance is given by 𝐶𝑔 =  𝑒 ∆𝑉𝑔⁄ . As ∆𝑉𝑔 ~ 1.1V, this gives us 𝐶𝑔 = 0.15 aF.  
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Figure 4.5. Formation of quantum dot in Cd3As2 p-n junction. Measurement at T = 300mK, B 

= 9T. (a) Conductance line cut at VL = 5V. Dirac node approaches zero conductance, indicating 

Coulomb blockade (b) Quantum dot formation at the np region. The largest Coulomb diamond 

appears at VR ~ -4V (c) transconductance plot showing a clearer image of the other Coulomb 

diamonds formed at VR < -5V. 

 

The largest Coulomb diamond which appears at VR ~ -4V, indicates an empty state in 

the quantum dot. The number of carrier, N is then equal to 0, while N = 1h and 1e for the 

adjacent left and right Coulomb diamonds respectively. At N = 1e, which appears at VR ~ -3V, 

a small diamond is formed due to an incidental quantum dot formation in the n-n region. Note 

from Figure 4.3, a shallow cavity can be formed at the n-n region, when the intrinsically n-type 

nanowire leads are more heavily doped compared to the suspended segments. Eventually 

though, the quantum dot formation is immediately lifted as the gate voltage is increased. The 

suspended segments in the n-n region then efficiently merges with the n-type leads. On the 

other hand, left side of the empty state is successively filled with holes. Figure 4.5c shows the 
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transconductance plot which gives a clearer image of the diamonds formed on the left of N = 

1h.  

 

4.4 Suspended vs Non-suspended structure 

To compare the gating efficiency of the suspended structure, a comparison is made 

using Device D shown in Figure 4.6a.  This device has four electrodes, but instead of using the 

four-terminal configuration, each junction is measured via two-terminal measurement. This 

gives us three junctions – one suspended and two non-suspended. For the suspended junction, 

bottom gates are swept such that VL = VR, while global back gate is utilized for the non-

suspended junction. The transfer characteristics are depicted in Figure 4.6b. It can be observed 

that the suspended junction has a more defined and clearer Dirac point, compared to the non-

suspended junctions. This may be attributed to the shorter distance, and higher capacitance of 

recessed bottom gates. The suspended structure also prevents the occurrence of charge trapping 

at the interface between nanowire and substrates, as evidenced by a Dirac node located at 

approximately zero voltage. Non-suspended structures may have the tendency to induce 

contact doping due to dangling bonds present in the SiO2 interface. The peaks in non-suspended 

junctions are not as sharp compared to suspended structures. This confirms that a suspended 

structure results to a clean and efficient gating device. 
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Figure 4.6. Suspended versus non suspended structure. Measurements at T = 2K. (a) SEM 

image (fake color) of Device D showing the left (red), middle (green), and right (blue) 

nanoribbon segments, (b) 1D conductance plots of suspended (green) and non-suspended 

(red/blue) nanoribbon. For the non-suspended structure, global back gate is used, while 

recessed bottom gates (VL = VR) are used for the suspended structure 

 

4.5 Contact Resistance Measurement 

As mentioned in Chapter 3, four-terminal measurement was employed to eliminate the 

effect of contact resistance. Using measurements in both two and four-terminal configurations, 

the contact resistance was extracted as shown in Figure 4.7. Measurements were obtained from 

Device D, and it shows normal contact resistance values at 2 to 4 kΩ, which also varies at the 

different conductance regimes. Contact resistance was extracted by using the formula 𝑅𝑐 =

 (𝑅2𝑡 − 𝑅4𝑡)/2. 
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Figure 4.7. Measurements obtained from Device D at T = 2K, B = 0T. (a) SEM image (fake 

color) and four terminal measurement schematic. Using (b) two terminal and (c) four terminal 

measurements, the (d) contact resistance of the device was extracted. 

 

4.6 Fabry Perot Interference 

Fabry Perot interference occurs when a carrier can travel back and forth across a cavity 

without any scattering. This is a manifestation of ballistic transport in the device, and has been 

demonstrated in p-n junctions in suspended graphene devices [39,40]. The outer contacts for 

source and drain, as well as the internal n-p (or p-n) interface can serve as a wall that reflects 

the carrier allowing for a repetitive bouncing motion. 

Further investigation in Device D shows Fabry Perot resonance in the bipolar region at 

zero magnetic field. 2D conductance and transconductance plots are shown in Figure 4.8a-d.  
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The resonances are not very clear in conductance plots whether at two terminal or four terminal 

configuration. However, when converted to differential conductance, a clearer image of the 

Fabry Perot resonance can be observed in the bipolar regions of both two and four terminal 

configurations. This is an indication of ballistic transport in our device, and must require deeper 

investigation. Figure 4.8e shows the temperature dependence of the Fabry Perot interference. 

The resonances start to gradually vanish at increasing temperatures, and eventually disappears 

at 30K. 

 

 

Figure 4.8. Fabry Perot interference in Device D, measured at T = 2K, B = 0T. 2D conductance 

plots in (a) two terminal and (b) four terminal measurements. Corresponding transconductance 

plots showing a clearer image of the Fabry Perot resonance in (c) two terminal and (d) four 

terminal configurations. (e) Temperature dependence of Fabry Perot resonance at VR = 18.4V  
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4.7 Mobility by Four Terminal Measurement 

Using the measurements from four-terminal configuration, the mobility of both electron 

and hole carriers were determined. A plot showing the mobilities of Devices C to H are shown 

in Figure 4.9a. It can be observed that μelectron >>> μhole. It must be noted that these six devices 

are all intrinsically n-doped, which may contribute to the high electron mobility. Another 

reason is the low Fermi velocity for holes than that of electrons in Cd3As2. It has been reported 

that hole Fermi velocity for Cd3As2 is three times lower than that of electron Fermi velocity. It 

can also be observed from the band diagram of Cd3As2 that the valence band is much wider 

than the conductance band. This denotes a heavier effective mass for hole, than for electrons. 

The low mobility for holes can also be detected in the asymmetric transfer curve observed on 

all of the measured devices. A representative plot is illustrated in Figure 4.9b. In here, it can be 

seen that the slope at the p-doped region is much smaller than that in the n-doped region.  

 

Figure 4.9. (a) Mobility of electron and hole extracted from four-terminal measurement. (b) 

Asymmetric transfer curve depicting smaller slope for p-doped region than that of n-doped 

region. 

 

The temperature dependence of conductance curve and mobility of Device G is 

determined as shown in Figure 4.10. The transfer curve shows temperature dependence from 

40K to 300K. However, from 20K and below, there seems to be weak temperature dependence. 
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In addition, with increasing temperature, phonon concentration increases and therefore, 

scattering events will increase causing the mobility to lower. At lower temperatures, impurity 

scattering dominates, while phonon scattering dominates at higher temperatures. This may be 

the reason why mobility starts to saturate at around 20K. The impurity scattering events in the 

nanowire did affect the mobility significantly.  

 

Figure 4.10. Temperature dependence of (a) transfer curve and (b) mobility 
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Chapter 5 

Summary and Conclusion 

 

 

In this thesis, the formation of p-n junctions in Cd3As2 nanostructures is discussed. This 

is obtained through the fabrication of suspended nanowire structure that yielded a clean device 

with effective gating. Controllable p-n junctions have not yet been observed for 3D Dirac 

semimetals, so far (only for graphene). Four conductance regimes with unipolar and bipolar 

configurations were observed upon tuning of the recessed bottom gates. Along with the p-n 

junction formation, quantum dot behavior was also observed. The cavity formed from 

electrostatic gating and the suppression of Klein tunneling allowed for the quantum 

confinement in a gapless band structure. In addition, Fabry Perot interference was also 

observed which confirms ballistic transport. 

The results presented in this thesis can help to understand the behavior of p-n junctions 

in Cd3As2. Considering the tunability and high mobility of the devices, Cd3As2 shows a great 

potential for quantum devices. 
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APPENDIX A 

Fabrication Details and Recipes 

 

 

A.1 Wafer Characteristics 

 Wafer size  4 inches 

 Dopant   p, Boron 

 Dielectric layer 300 nm silicon oxide 

 

A.2 Photopad Fabrication 

1. Prebake 4 inch wafer at 170°C for 2 mins  

2. Spin coat lift off resist LOR 2a (2000 rpm / 30 s) on 4 inch Si wafer using Photoresist 

Track system 

3. Afterwards, spin coat photoresist layer GXR 601 (2000 rpm / 40 s) using the same 

machine 

4. Bake at 110°C for 10 sec 

5. Expose using Substrate bond aligner MA/BA6 GEN 3 

a. UV 365 nm 
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b. Expose Power 60 mJ/cm2 

c. Cal. Expose Time 2 sec 

6. Develop in AF300MIF for 50 sec. Use puddle method, auto mode. Immediately rinse 

in DI water and blow dry 

7. Deposit metal using electron beam evaporator Sorona SRN-200 

a. Pump to base pressure 6.9e-6 torr 

b. Evaporate 10 nm Ti (1.0 ± 2 Å/s) 

c. Evaporate 60 nm Au (1.0 ± 2 Å/s) 

8. Lift off metal by soaking in PR remover MR-REM 700 at 80°C for approximately 30 

mins 

9. Dice wafer into 1 x 1 cm chips using Disco DAD 3240 dicing saw system 

 

 

Figure A-1. Process flow for photo pad fabrication. 

 

A.3 Designing using KLayout and Layout Editor 

After dispersing nanowires on Si substrate, images are taken using optical microscope. 

These are then uploaded onto a designing software called KLayout wherein the outline of 

nanowires can be drawn, as shown in Figure A2. Alignment and rotation are ensured by 
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checking the markers on the perimeter of the working field. If designing with pre-fabricated 

bottom gates, optical image should be aligned with the cross hairs that are fabricated at the 

same time as the bottom gates. If on the other hand, design is for creating bottom gates, then 

the optical image should be aligned with the box markers on the photo pads.  

Thin nanowires are selected for designing the device. Routing of connections are 

designed using Layout Editor (or KLayout). Polygon is used for creating an outline for the 

nanowires. Source and drain contacts are designed at a minimum 150nm away from the edge 

of the bottom gates. This is to account for any misalignment that could possibly happen during 

subsequent processes. In defining the connection routing, make sure to use box or polygon to 

create the shapes. If using path, ensure that this will be converted to polygon. Avoid using 

merge as it sometimes creates problems during exposure.  

 

 

Figure A-2. (a) Nanowires are drawn on design file using KLayout (b) Electrode connections 

(in red) are defined by using Layout Editor 
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A.4 Bottom Gate Fabrication 

1. On ~1cm2 Si/SiO2 chip, spin coat 950 PMMA A4 (4000 rpm / 5 s / 60 s). Thickness is 

approximately 300 nm 

2. Bake at 170°C for 5 mins 

3. Expose using E-beam lithography Raith 150-two 

a. use 3-point alignment 

b. Vacc 30 kV 

c. Dose 550 μC/cm2 

d. Step size 5 nm 

4. Develop in MIBK:IPA solution (ratio 1:3) for 1 min and immediately rinse with IPA 

and blow dry 

5. Etch exposed areas using dielectric etcher system Fabstar 

a. CHF3 : CF4 : Ar (50 sccm / 5 sccm / 90 smm) 

b. RF Power 200 

c. Pressure 30 mTorr 

d. Time 120 sec 

6. Perform wet etch by soaking in buffered HF for 30s, move chip very slowly in an up 

and down direction. Then immediately rinse with water and blow dry 

7. Deposit metal using electron beam evaporator Sorona SRN-200 

a. Pump to base pressure 6.9e-6 torr 

b. Evaporate 10 nm Ti (1.0 ± 2 Å/s) 

c. Evaporate 20 nm Au (1.0 ± 2 Å/s) 

8. Lift off metal by soaking in acetone. Sonication is permitted 
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A.5 Device Fabrication 

1. Spin coat 950 PMMA A4 (2000 rpm / 5 s / 60 s). Thickness is approximately 200 nm 

2. Bake at 170°C for 5 mins 

3. Expose using E-beam lithography Raith 150-two 

a. use 63 point alignment 

b. Vacc 30 kV 

c. Dose 580 μC/cm2 

d. Step size 5 nm 

4. Develop in MIBK:IPA solution (ratio 1:3) for 1 min and immediately rinse with IPA 

and blow dry 

5. Etch exposed areas using dielectric etcher system Fabstar 

a. Ar 50 sccm 

b. RF Power 100 

c. Pressure 50 mTorr 

d. Time 40 sec 

6. Deposit metal using electron beam evaporator Sorona SRN-200 

a. Pump to base pressure 6.9e-6 torr 

b. Evaporate 10 nm Ti (1.0 ± 2 Å/s) 

c. Evaporate 120 nm Au (1.0 ± 2 Å/s) 

7. During lift off, soak in acetone for less than 30 mins. This is to avoid inducing damage 

on nanowire.  
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APPENDIX B 

Pre-cooldown Sample Preparation 

 

 

B.1 Wire bonding 

1. First bond is on the pad, second bond on the chip. 1 mil Au wire is used in wirebonder 

Tpt HB10 

2. Bond 1 parameters 

a. US Power 350 

b. Time 300 ms 

c. Force 300 mN 

3. Bond 2 parameters 

a. US Power 350 

b. Time 200 ms 

c. Force 300mN 

4. These parameters are subject to change depending on pad, chip and wedge tool 

condition. Temperature can be applied on substrate to allow for better bonding on pads. 
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B.2 He-3 Sample Exchange Procedure (Unloading and Loading Sample) 

1. Warm up fridge by pressing Sample Exchange button 

2. Wait for VTI temperature to reach at 300K. A message will be displayed once 

temperature has stabilized 

3. Turn on He line and allow gas to flow while opening the chamber 

4. Slowly remove the dip stick and place on its designated stand 

5. Close chamber while carefully replacing the chip in the sample holder 

6. Once replaced, reopen chamber and slowly insert the dip stick. 

7. Clamp dip stick in place and close He line. 

8. Pump down system to around 10-4 hPa 

9. Once base pressure is reached, turn off pump first then turn on He gas line 

10. Input exchange gas to system until 700 hPa 

11. Press base temperature button. Cool down takes around 5 hours 
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요 약 문 

 

3 차원 디락준금속 Cd3As2 나노구조체에서, 게이트로 제어된 p-n 

접합에서의 양자수송 

 

본 논문에서는, Cd3As2 나노 구조체에서의 p-n 접합 형성에 대해 논의한다.  

공중에 매달린 나노와이어 구조를 만듦으로써, 효과적으로 게이트를 걸 수 있는 

깨끗한 디바이스를 얻을 수 있었다.  제어 가능한 p-n 접합은 아직까지 삼차원 

디락 준금속에서 관측되지 않았다. (오직 그래핀에서 관측되었음). Cd3As2 나노 

와이어 밑에 제작 된 두 개의 하부 게이트를 튜닝 할 때, 단극 및 양극성 구성을 

갖는 4개의 전기전도도 영역이 관찰되었다. 4개의 전기전도도 영역에서는 p-n 

접합의 형성과 함께 양자점 거동도 관찰되었다. 전기적으로 게이트를 걸어 생긴 

p-n 접합과 자기장을 걸어 발생한 클라인 터널링 억제로 인해 캐리어가 존재하지 

않는 공간인 캐비티가 생성되었다. 캐비티는 갭이 없는 밴드 구조에서 양자 구속을 

허용하였다. 또한 본 디바이스에서는 페브리-페롯 간섭현상도 관찰되었으며, 이를 

통해 캐리어의 수송이 양자 전도임 확인하였다.  

본 논문에서 제시된 결과는 삼차원 디락 준금속 물질인 Cd3As2에서 p-n 

접합을 만들었을 때의 캐리어의 거동을 이해하는 데 도움이 될 수 있다. Cd3As2 는 

가변성과 높은 이동도를 가진다는 점을 고려하여 미래의 양자 디바이스에 큰 

잠재력을 보여준다. 

 

 

 

핵심어 : Cd3As2, 디락 준금속, p-n 접합,  양자수송 
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