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Atomically two-dimensional (2-D) graphene, as well as the hexagonal boron 

nitride dielectric have been and are continuing to be widely investigated for the next 

generation nanoelectronic devices. More recently, other 2-D materials and electronic 

systems including the surface states of topological insulators (TIs) and monolayers of 

transition metal dichalcogenides (TMDs) have also attracted considerable interest. In this 

work I have focused on these latter two material systems on possible device applications. 

TIs are characterized by an insulating bulk band gap and metallic Dirac surface 

states which are spin-polarized. Here, the electronic structures of bulk and thin film TIs 

are studied using ab-initio density functional theory (DFT). Band inversion, an essential 

characteristic of TIs, is shown in the bulk band structures. Properties of TI surface bands 

in thin film such as the critical film thickness to induce a gap, the thickness dependent 

gap size, and the localization length of surface states are reported. Effects of crystalline 

dielectric materials on TI surface states are also addressed by ab-initio calculations. I 

discuss the sensitivity of Dirac point degeneracy and linear band dispersion of TI with 

respect to different dielectric surface terminations as well as different relative atom 

positions of the dielectric and TI. Additionally, this work presents research on exciton 

condensation in TI using a tight-binding model combined with self-consistent non-local 
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Hartree-Fock mean-field theory. Possibility of exciton condensation in the TI Bi2Se3 thin 

film is assessed. Non-equilibrium Green’s function (NEGF) simulations with the 

atomistic tight-binding (TB) Hamiltonian are carried out to explore the performance of 

metal-oxide-semiconductor field-effect-transistor (MOSFET) and tunnel field-effect-

transistor (TFET) based on the Bi2Se3 TI thin film. How the high dielectric constant of 

Bi2Se3 affects the performance of MOSFET and TFET is presented. 

Bulk TMDs such as MoS2, WS2 and others are the van der Waals-bonded layered 

material, much like graphite, except monolayer (and Bulk) TMDs have a large band gap 

in-contrast to graphene (and graphite). Here, the performance of nanoscale monolayer 

MoS2 n-channel MOSFETs are examined through NEGF simulations using an atomistic 

TB Hamiltonian. N- and p-channel MOSFETs of various monolayer TMDs are also 

compared by the same approach. I correlate the performance differences with the band 

structure differences. Finally, ab-initio calculations of adatom doping effects on the 

monolayer MoS2 is shown. I discuss the most stable atomic configurations, the bonding 

type and the amount of charge transfer from adatom to the monolayer MoS2. 
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Chapter 1: Introduction 

 

1.1 BACKGROUND 

After the realization of atomically two-dimensional (2-D) graphene [1], [2], and 

consideration for a variety of device applications, other two-dimensional (2-D) materials 

and electronic systems have also attracted considerable interest, including the surface 

states of topological insulators (TIs) and monolayers of transition metal dichalcogenides 

(TMDs).   

 TIs are a material with a bulk insulating gap as well as gapless surface bands 

[3]–[6], such that the bulk of TIs can serve as an insulator, while the surface states have a 

Dirac-like band-structure such that electrons on the surface or edge of TI can flow as 

easily as in a (semi-) metal. Moreover, whose Dirac surface states have their spin locked 

to their momentum (spin-momentum locking) (There is no spin degeneracy). The 

existence of topological nontrivial states had been predicted by theory [7]–[10]. The 1st 

experimental demonstration of a so-called 2-D TI was given in a quantum well structure 

made by sandwiching a thin layer of mercury telluride (HgTe) between layers of mercury 

cadmium telluride (HgxCd1–xTe) where the current conducts only at its 1-D edge [11]. 

The 1st so-called three-dimensional (3-D) TI with 2-D surface states to be experimentally 

demonstrated was the otherwise semiconducting alloy Bi1-xSbx [12]. Subsequently, pure 

compound Bi2Se3 was confirmed to be a 3-D TI with a large bulk band gap (~300 meV) 

and a single Dirac cone surface state within the gap [13], [14], followed by the theoretical 

and experimental discoveries of other 3-D TI compounds such as Bi2Te3, Bi2Se2Te, 

Bi2Te2Se, Sb2Te3, and many others [15]–[19].  
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The most unusual characteristic of 3-D TIs is the spin-polarized Dirac cone 

surface states. Electrons with opposite spins move in opposite directions. This spin 

polarization could prove useful for low-power spintronic devices [20]–[23]. These 

conducting surface states of TI are quite robust to nonmagnetic disorder but open a gap in 

the presence of time-reversal symmetry breaking perturbations, e.g.., magnetic fields 

[24]–[26]. However, a non-zero gap can be induced even without magnetic impurities. 

Recent theoretical and experimental studies have shown an induced gap within the 

surface bands in TI thin films [27]–[31], originating from allowed surface states 

interactions between valence band (VB) and conduction band (CB) on opposite surfaces. 

(CB-to-CB and VB-to-VB inter-surface interactions are essentially forbidden by their 

orthogonal spin status.) This gap opening allows for the possibility of otherwise 

conventional TI-based metal-oxide-semiconductor field-effect transistors (MOSFETs), as 

well as band-to-band tunnel FETs (TFETs) in an analog proposed TFETs attempting to 

use an induced gap in the graphene nanoribbon [32]–[35]. In the view of utilizing surface 

states conduction of TIs, electronic transport experiments have demonstrated FETs based 

on TI thin films, which shows the gate-controlled conductance by tuning the surface 

carrier density via the gate-induced electric field [36]–[41]. 

TMDs constitute one of the most interesting classes of 2-D layered materials. 

TMDs characterized by a MX2 formula (M: metal, X: chalcogen) are composed of 

multiple layers with an X-M-X structure. Each X-M-X structure is bonded to the adjacent 

others by weak van der Waals forces, like graphite composed of individual graphene 

layers, enabling mechanical exfoliation as used in the graphene device fabrication [2], 

[42], [43]. However, in the contrast to graphene, Monolayer (and bulk) TMDs have a 

large intrinsic band gap. Although graphene has been explored as an alternative channel 

material for FETs due to its high mobility, its gapless property leads to high OFF-state 
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leakage and non-saturating ON-state currents, which are problematic for logic device 

applications. In this regard, monolayer TMDs with a large band gap could hold an 

advantage over graphene. Its wide band gap is effective to suppress the OFF-state current 

and its 2-D nature can offer excellent electrostatic control of gate over the channel. 

Experimental TMD-based electronic devices have been demonstrated already. Examples 

include n-type field-effect-transistors (n-FETs) with high ON-OFF current ratio and good 

subthreshold slope in the monolayer MoS2 [44] as well as in the multilayer MoS2 [45], 

[46], an integrated circuit based on bilayer [47] and monolayer MoS2 [48] showing the 

capability of MoS2 for the digital logic applications, and high performance p-type FET 

(p-FETs) based on the monolayer WSe2 [49] suggesting the possibility of realizing 

complementary metal-oxide-semiconductor (CMOS). 

 

1.2 MY RESEARCH AND DISSERTATION OUTLINE 

For the work of this dissertation, I used ab-initio electronic structure and atomistic 

full-band quantum transport calculations to model TIs and TI-based devices, as described 

in Chapter 2 through Chapter 5, and TMDs and TMD-based devices, as described in 

Chapter 6 and Chapter 7. Specifically, Chapter 2 presents the ab-initio calculations of the 

electronic structures of bulk and thin films of Bismuth- and Thallium-based TIs. In 

Chapter 3, effects of dielectric materials on the surface states of Bismuth-based TI are 

addressed by ab-initio simulations. The robustness of Dirac cone surface states of TI is 

tested. In Chapter 4, I discuss the electron-hole pair condensation in TI thin films within 

the non-local Hartree-Fock mean-field theory. In Chapter 5 quantum transport 

calculations are used to assess the performance limits of nanoscale TI Bi2Se3 thin films 

MOSFETs, and the feasibility of TFETs. A large dielectric constant of TIs proves 
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problematic to achieve high performances in both MOSFETs and TFETs. In Chapter 6, I 

move to TMD-based FETs and explore the device performances of nanoscale ballistic 

monolayer TMD MOSFETs from various TMDs using atomistic full-band quantum 

transport simulation. An unusual feature of negative differential resistance (NDR) in 

monolayer TMD MOSFETs in this ballistic limit is presented. Chapter 7 provides ab-

initio calculations of adatom effects on monolayer TMD, in which I focus primarily on 

the doping of monolayer MoS2 by charge transfer from the adatom. Atoms in the 1st and 

7th columns and several metal atoms are examined in search of adatoms for n- or p-type 

doping. 

 

  



 5 

Chapter 2: Electronic Properties of Bismuth- and Thallium-

based Topological Insulators 

 

2.1 INTRODUCTION 

In recent years, binary Bismuth (Bi)-based three-dimensional (3-D) topological 

insulator (TI) Bi2Se3 and Bi2Te3 have attracted considerable attention from the condensed 

matter physics community because of the relatively simple crystal structure that hosts its 

novel surface states. Especially, Bi2Se3 has been the most attractive because of its simple 

surface state structure [3] with a Dirac point residing within a large bulk band gap 

(~300meV). Unfortunately, Bi2Se3 tends to be n-type due to a large amount of Se 

vacancies. Another Bi-based binary Bi2Te3 can be grown as p-type [50], and usually it is 

also highly metallic, most likely due to antisite defects which are promoted by close 

electronegativities of Bi and Te. In view of searching for a TI material better suited for 

achieving the bulk insulating state, recently, two Bi-based ternary TIs Bi2Se2Te and 

Bi2Te2Se have been predicted to have near perfect Dirac cones, in terms of less 

entanglement of bulk and surface states, and experiments have supported these 

predictions [51]. Bi-based ternary TIs offer high-bulk resistivity, due to the structurally 

perfect nature of the crystals, so surface transport is enhanced. Additionally, thallium 

(Tl)-based ternary TIs TlBiX2 (X=Se, Te) have been proposed as a new family of 3-D 

topological insulators [15], [18], [52]. TlBiSe2 has a simpler bulk structure with the Dirac 

cone resides on top of the the bulk energy gap (~300 meV), making it a large gap 

topological insulator similar to Bi2Se3 [14], but with better mechanical properties than the 

Bi-based TIs, as the bonding between layers are much stronger [15] than the van de 

Waals force that bonds QL units of Bi-based TIs [14]. For TlBiTe2, the experimental 

band structure shows six leaf-like p-type bulk valence band pockets around the Dirac 
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cone. Given that these leaf-like bulk pockets are the only structure other than the surface 

Dirac cone on the Fermi-surface, they may provide a possible origin of the reported bulk 

superconductivity, which can further induce superconductivity on the surface state by 

proximity effect, making TlBiTe2 a candidate for 3-D topological superconductors. 

In view of these promising advances, a comprehensive theoretical study of the 

thin-film structures of these 3-D TI is necessary to help better understand these materials 

and to help design future experiments to verify these effects. These materials can have 

intrinsic size limits which can protect the metallic nature of the surface bands, the surface 

states can spread inside the bulk region, and atomic rearrangements in thin layers can 

have profound effect on the Dirac cone itself. I address these issues using a density 

functional theory (DFT)-based electronic structure method and compare our results with 

available experimental results. Our studies will have implications for the understanding 

of topological surface states in Bi- and Tl-based TIs and their intended applications. 

 

2.2 CRYSTAL STRUCTURES AND COMPUTATIONAL APPROACH 

The bulk crystal structure of Bi-based binary TI Bi2Se3 is trigonal (or 

rhombohedral) with lattice constant of a = 0.984 nm and α ~ 25˚. The primitive cell 

consists of five atoms (two Bi and three Se atoms) arranged in an order Se2-Se1-Bi-Bi-

Se1 where Se1 and Se2 are two inequivalent sites of Se atoms in the cell. Fig. 2.1(a) 

shows a cartoon of bulk trigonal structure along with three primitive lattice vectors that 

span it (the tracing inside the large cell). The threefold rotation axis is taken along the z-

direction. Alternatively, one can construct a hexagonal cell from the trigonal cell so that 

the number of atoms is tripled with the lattice parameters a = 0.4138 nm and c = 2.8633 

nm (Fig. 2.1(a), the larger cell). The building block of the hexagonal bulk Bi2Se3 consists 
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of five atomic layers, each layer containing only one atom. One such building block is 

referred to as quintuple layer (QL) (square shaded region in Fig. 2.1(a)). The hexagonal 

unit cell contains three such QLs, i.e., 15 atomic layers stacked along the z-direction. The 

atomic planes are arranged in a sequence Se1-Bi-Se2-Bi-Se1, which is different from the 

trigonal case. Because of the relatively larger distance between two QLs, their anchoring 

along the z-direction is considered to be rather weak. Indeed, mechanical exfoliation of 

Bi2Se3 demonstrated recently hints at van der Waal’s type of bonding between two 

neighboring unit cells, much like a graphene exfoliation [53]. Compared to the 

corresponding binary TI, the Bi-based ternary TI Bi2Se2Te (Bi2Te2Se) has one of the Se 

(Te) layers replaced by a Te (Se) layer, and has the layers arranged in the order Te(Se)-

Se(Te)-Bi-Bi-Se(Te). The QL-like layer arrangement in these TIs also facilitates 

exfoliation-like methods which can be used to peel thin films from the bulk crystals. The 

lattice parameters of the bulk trigonal cell is almost same for Bi2Se2Te (Bi2Te2Se): a = 

1.0046 nm (1.0255 nm) and α ~ 24.2˚ (~ 24.1˚) [15]. The hexagonal cell, built from the 

trigonal structure, contains 15 atomic layers with the lattice parameters a = 0.422 nm 

(0.428 nm) and c = 2.92 nm (2.99 nm) for Bi2Se2Te (Bi2Te2Se). 

The bulk crystal structures of Tl-based TIs are similar to Bi-based TIs. Tl-based 

TIs have a trigonal structure with covalently bonded alternating cations and anion layers 

stacked along the z-direction. However, there is one important difference as compared to 

the Bi-based TIs. The atomic layers are not arranged in a QL order, suggesting covalent 

bonding between the unit cells, and therefore, that exfoliation techniques, used to peel 

binary TI flakes from the corresponding bulk crystals, cannot be used for extracting Tl-

based TI thin films. The layers are arranged in the order Tl-Se(Te)-Bi-Se(Te). The 

trigonal unit cell contains four atoms (as opposed to five in Bi-based TIs) with the lattice  
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Figure 2.1: Schematic of the hexagonal bulk structures of (a) Bi-based TI Bi2Se3 and (b) 

Tl-based TI TlBiSe2 derived from the bulk trigonal structure whose three 

primitive vectors are denoted by t1, t2, and t3. The trigonal structure is a part 

of the larger hexagonal structure shown by dashed lines. (c) The 1st BZ of 

the bulk trigonal structure with four time-reversal invariant points Γ, Z, F, 

and L are shown. 

parameter a = 0.7887 nm (0.8263 nm) and the angle between the lattice vectors spanning 

the lattice of α ~ 31.4˚ (~ 31.8˚) for TlBiSe2 (TlBiTe2) [54]. The hexagonal cell, formed 

from the trigonal, consists of 12 atomic layers with the number of atoms tripled in Fig. 

2.1(b). The lattice parameters of the hexagonal cell are a = 0.4264 nm (0.4534 nm) and c 

= 2.2478 nm (2.3512 nm) for TlBiSe2 (TlBiTe2) and the layer sequence in this case is 

same as the trigonal cell. 

I use a DFT-based electronic structure method implemented with projector-

augmented wave basis and pseudopotentials [55]. Since the topological features of the 

surface states arise from spin-orbit coupled states of the bulk, I invoke its spin-orbit 

coupling (SOC) feature [56] and I choose exchange-correlation as Perdew-Burke-

Ernzerof (PBE) type [57]. The choice of the PBE over local-density approximation is 

guided by its use in previous structural studies on the bulk Bi2Se3 which reproduced the 

photoemission spectra very well [58]. These studies find the optimized lattice constant of 



 9 

Bi2Se3 close to the experimental value, therefore I did not optimize lattice constants of 

the bulk structure in our calculations for the binary TI Bi2Se3. In the study of ternary TIs 

Bi2Se2Te, Bi2Te2Se, TlBiSe2 and TlBiTe2 [59], since previous structural studies of bulk 

trigonal structures reported an agreement with experimental lattice parameters, I chose to 

relax only the internal parameters, namely the atomic positions, keeping the lattice 

constants fixed to experimental values. The total energy is assumed to be converged 

when all the components of Hellman-Feynman forces on each ion are smaller than the 

threshold 0.001 eV/Å. A kinetic energy cut-off of 400 eV and a k-point mesh of 

10×10×10 in the 1st Brillouin Zone (BZ) (Fig. 2.1(c)) are used for self-consistent steps as 

well as generating the bulk band structures. Larger energy cut-offs and k-mesh sizes were 

tested for total energy convergence. The 1st BZ of the bulk structure contains four time-

reversal invariant (TRI) points, namely, Γ, L, Z and F in Fig. 2.1(c). 

 

2.3 BULK BAND STRUCTURES 

Figs. 2.2(a) and 2.2(b), respectively, show bulk band structures of Bi2Se3 with and 

without SOC along high-symmetry directions connecting the four TRI points (Fig. 

2.1(c)). The direct band gap of 200 meV (285 meV) without (with) SOC forms at the Γ 

point. Switching on the SOC inverts the bands at the Γ point (Fig. 2.2(b)) and 

consequently the contributions from Bi and Se orbitals associated with these bands. Figs. 

2.3 and 2.4 show the bulk band structures of Bi2Se2Te and Bi2Te2Se for both with and 

without SOC, which agree quite well with a recent DFT calculation [16]. The conduction 

band maximum (CBM) is at the Γ point and the valance band maximum (VBM) is 

between Z and F points for both TIs without SOC inclusion. The computed indirect gaps 

are 157 meV and 272 meV, for Bi2Se2Te and Bi2Te2Se as shown in Figs. 2.3(b) and 



 10 

2.4(b), respectively. I note that the gap is direct at the Γ point without including SOC 

with the gap values of 633 meV and 76 meV, for Bi2Se2Te and Bi2Te2Se in Figs. 2.3(a) 

and 2.4(a), respectively. The bulk band structures of TlBiX2 (X = Se, Te), without and 

with SOC, also agree well with other theoretical calculations [17], [54]. However, with 

SOC, other calculations predict TlBiTe2 to be an indirect semiconductor with the CBM at 

the Γ point and the VBM on the line joining L and Z points, labeled in Fig. 2.1(c). Recent 

experimental studies argue TlBiTe2 to be a semimetal with a negative energy gap of 20 

meV [52]. Our results agree well with this experimental work in Fig. 2.6(b). TlBiSe2 has 

a direct gap at Γ of 124 meV (235 meV) without (with) SOC in Fig. 2.5. 

The emergency of topological surface states within the bulk band gap of 3-D TIs 

is associated with the bulk band inversion when SOC is switched on [3]. To understand 

the band inversion at the Γ point visually, I adopt a simple algorithm to map out the most 

relevant orbital contribution to VBM and CBM. Since pz orbitals mainly contribute to 

these bands near the Fermi level [14], the algorithm projects the crystal wave functions 

onto the angular momentum dependent spherical harmonics at a particular k-point with 

the associated band energies for each atom. For Bi2Se3, the bulk primitive unit cell 

contains three Se and two Bi atoms and using the above algorithm, I obtain s and three p 

orbitals contribution for each of the atom type at each k-point and band energy. I take the 

ratio of Se and Bi pz orbitals contributions compared to the total orbital contributions 

resulting from all the orbitals of five atoms at a particular k-point and the band energy. If 

this ratio is 40 % (60 %) or greater for Bi (Se), I take the pz orbital contribution to that 

band from Bi or Se at that k-point with the associated band energy; otherwise, I neglect it. 

The choice of the percentage cut-off is guided by the number of each type of atoms in the 

unit cell: two for Bi versus three for Se. I find that changing the cut-off or critical 

percentage ratio makes the contributions to each band at each k-point different but the 
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overall contribution to the VBM and CBM at the Γ point remains the same. I use the 

above algorithm both without and with SOC calculations, and as a result I could see the 

band inversion as shown in Fig. 2.2. A similar band inversion effect is also presented in 

Bi2Se2Te and Bi2Te2Se (Figs. 2.3 and 2.4). I gave an equal weight of 30 % to both Bi and 

Se (Te) orbital contributions since the two outermost layers of Se (Te) and Bi, out of the 

total of five atomic layers within each QL, mainly participate in forming the VBM and 

CBM. For TlBiSe2 and TlBiTe2 in Figs. 2.5 and 2.6, since the bulk CBM and VBM at Γ 

consist mainly of pz orbitals [15] of the Bi and Se (Te) atoms, respectively, this state was 

chosen for the orbital projection studies. A cut-off contribution percentage is set at 50 % 

and 25 % for Se (Te) and Bi atoms, respectively. 

 

Figure 2.2: Band structure of bulk Bi2Se3 along high symmetry directions (a) without 

SOC and (b) with SOC. Energy states formed mainly from pz orbitals of Bi 

and Se are marked on the top of bulk bands and band inversion processes 

are clearly shown. 
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Figure 2.3: Band structure of bulk Bi2Se2Te along high symmetry directions (a) without 

SOC and (b) with SOC. Energy states formed mainly from pz orbitals of Bi 

and Se are marked on the top of bulk bands and band inversion processes 

are clearly shown. 

 

Figure 2.4: Band structure of bulk Bi2Te2Se along high symmetry directions (a) without 

SOC and (b) with SOC. Energy states formed mainly from pz orbitals of Bi 

and Te are marked on the top of bulk bands and band inversion processes 

are clearly shown. 
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Figure 2.5: Band structure of bulk TlBiSe2 along high symmetry directions (a) without 

SOC and (b) with SOC. Energy states formed mainly from pz orbitals of Bi 

and Se are marked on the top of bulk bands and band inversion processes 

are clearly shown. 

 

Figure 2.6: Band structure of bulk TlBiTe2 along high symmetry directions (a) without 

SOC and (b) with SOC. Energy states formed mainly from pz orbitals of Bi 

and Te are marked on the top of bulk bands and band inversion processes 

are clearly shown. 

 

2.4 THIN FILM BAND STRUCTURES AND SURFACE STATES 

The most interesting feature emerges when thin film structures are considered. 

The thin film structure for the binary Bi-based TI Bi2Se is constructed by stacking up 
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QLs along the z-direction with a vacuum region that forms the supercell in the DFT 

calculation. I consider several thicknesses of the thin film structure: 3QLs, 4QLs, 5QLs 

and 6QLs to study the robustness of the linear energy dispersion. For each thickness, I 

used a vacuum size of about 3 nm. I did not relax the atomic positions. Kinetic energy 

cut-off of 400 eV and 9×9×1 k-point mesh in the surface BZ of the hexagonal Bi2Se3 is 

used. 

A gapless linear spectrum with continuum in the bulk is evident at the TRI point Γ 

in Fig. 2.7(d) for a thin film of 6QLs, corresponding to a thickness of 5.47 nm. On 

decreasing the thickness from 6QLs to 5QLs, a gap seems to be induced at the degenerate 

point of the linear spectrum at Γ (Fig. 2.7(c)). The magnitude of the induced gap 

increases monotonically going from 5QLs to 4QLs to 3QLs as shown in Figs. 2.7(c), 

2.7(b), and 2.7(a). These gaps are tabulated in Table 2.1. This suggests a critical thickness 

of at least 6 QLs in order to access the novel surface states of Bi2Se3.  

To understand the origin of the gap at the Dirac point with decreasing film 

thickness, I first map out the surface state contributions in the band structure from atoms 

within the top or bottom one QL of the film, and from all the orbitals, relative to the total 

contributions of all orbitals from all QLs of the thin film [28]. The contributions are 

calculated using the same procedure as explained previously in the Section 2.3 with two 

exceptions: 1) The sum of contributions from all the orbitals and atom types are 

considered (not just from the pz orbitals) and 2) the critical percentages, for accepting it 

as a contribution, are different for different thicknesses. For film thicknesses 

corresponding to 3QLs, 4QLs, 5QLs, and 6QLs in Bi2Se3, respectively, these critical 

percentages were varied from 60 %–45 %, in steps of 5 % decrease. The choice of these 

critical percentages is arbitrary. I find that choosing different percentages do not change 

the overall features in the band structures. I note that thinner structures have larger 
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critical percentage for accepting the contributions with reduction in percentages for 

thicker structures. This is due to the fact that thicker structures have more QLs than the 

thinner ones. Since I fixed the contributions from only 1QL for all thicknesses, varying 

the critical percentage for every thickness will offset the changes in the number of QLs. 

Extracted surface states are marked on the band structure in Fig. 2.7. 

 

 

Figure 2.7: Band structures of Bi2Se3 films with different thicknesses (a) 3QLs (b) 4QLs 

(c) 5QLs and (d) 6QLs. Orbital contributions from first few layers in each 

thicknesses is marked with magenta circles. The induction of a gap in 

thinner structures is clearly seen. 

Thickness (QL ~1 nm) 3 4 5 6 

Band gap at Γ (eV) 0.0430 0.0155 0.0051 0.0000 

Table 2.1: Induced band gaps for binary Bi-based TI thin films with various 

thicknesses at the Γ point. 
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After estimating the distribution of surface states in the thin film structure, I 

computed the valence charge density resulting from these surface state wave functions. I 

focused on surface states around the Dirac point, in an energy window chosen such that 

same number of wave functions is used for building the surface charge density for most 

relevant thicknesses considered in this study. The wave functions at three closely spaced 

k-points including the Γ point were chosen. The charge density is computed layer-wise. I 

define the relative charge density, to be the ratio of peak charge density in a particular 

layer to the peak charge density in all layers. This quantity is plotted for 4QLs, 5QLs, and 

6QLs in Figs. 2.8(a), 2.8(b), and 2.8(c), respectively. The surface state localization length 

is estimated to within 2-3QLs in real space, which hints at possible interactions due to 

their overlap in thinner structures. This surface state interactions result in opening of the 

band gap. However, the time-reversal symmetry is not broken at the Γ point: the fourfold 

degenerate band splits into twofold degenerate bands. I note that the band gap opens due 

to the interaction between conduction band (CB) and valance band (VB) on top (bottom) 

and bottom (top) surfaces, respectively, since only same spin states are allowed to couple. 

The overlap in thinner structures results in finite charge density in a region where surface 

states for thicker structures had no densities (Figs. 2.8(a) and 2.8(b)). As the degree of 

overlap increases with decreasing thickness, the induced gap increases monotonically as 

seen from Table 2.1. The surface state localization deep inside the bulk region has 

implications for experiments where measured charge mobility can only be assigned to 

both surface and bulk states and it will be a challenge in experiments to separate these 

two contributions. 
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Figure 2.8: Layer projected relative charge density, contributed by surface state in the 

neighborhood of the Γ point, for three different thicknesses of QLs (a) 

4QLs, (b) 5QLs and (c) 6QLs. 

The building blocks of ternary Bi-based TIs are also QLs, arranged in the order 

Se(Te)-Bi-Te(Se)-Bi-Se(Te), and stacked along the z-direction. Different film thicknesses 

corresponding the different number of QLs were considered with a maximum of 4QLs. 

The choice thickness is guided by the necessity to maintain the metallic nature of the 

surface bands. The computational parameters used in this study are same as those for the 

binary TI. I first construct the thin film from experimental parameters [60] and then study 

the thin film properties without and with relaxing the atomic positions with the force 

convergence criteria of 0.05 eV/Å. The procedure for extracting surface states from wave 

functions and the construction of layer-wise surface charge density are same as those for 

the binary Bi-based TI discussed before. 

5QLs 4QLs 

6QLs 
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The thin film structure of Bi2Se2Te, without internal position relaxation, shows a 

more symmetric Dirac cone with metallic bands, as compared to the binary Bi-based TI 

for thickness corresponding to 4QLs in Fig. 2.9(a). The bulk band gap (of 313 meV) 

supports these novel states, and the Dirac point is well within this gap. Recently, a report 

of 3QLs, as the minimum thickness, required to preserve the Dirac cone has appeared 

[16]. I find 4QLs to be necessary, which I also illustrate with the help of surface charge 

density calculations. However, in the absence of any experimental work, it is likely that 

the minimum thickness, carefully predicted by different theoretical methods, may fall in 

the range of 3-4QLs. For film thicknesses below 4QLs, a finite gap is induced at the 

Dirac point whose size increases with decreasing the film thickness. The size of the gap 

values are listed in Table 2.2. With atomic relaxation, the Dirac cone is affected and its 

symmetry is lost (Fig. 2.9(b)). The bulk VB (BVB) lies along the line joining Γ and M in 

the hexagonal BZ, and its maximum is positioned almost in line with the Dirac point. 

This hints at crucial role played by rearrangement of atomic positions either in situ in 

thin-film preparation procedure or in presence of external environments. In Bi2Te2Se, a 

significant part of surface state band structure falls below the BVB maximum (BVBM) 

and the Dirac point occurs in the energy neighborhood of the Γ point. Atomic relaxation 

has almost negligible effect on the overall band structure (Figs. 2.10(a) and 2.10(b)) in 

this case. Decreasing film thickness induces a finite gap (Table 2.2). These studies 

suggest that the Dirac cone remains protected in thinner layers of ternary Bi-based TIs 

than in binary Bi-based TIs. 
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Figure 2.9: Band structures of  4QLs (~3.6 nm) Bi2Se2Te films (a) without atomic 

relaxation and (b) with atomic relaxation. The Dirac cone is affected by 

relaxing the atoms. 

 

Figure 2.10: Band structures of 4QLs (~3.7 nm) Bi2Te2Se films (a) without atomic 

relaxation and (b) with atomic relaxation. The Dirac cone is not affected by 

relaxing the atoms. 

Thickness (QL~1 nm) 2 3 4 

Band gap (eV) at Γ for Bi2Se2Te without relaxation 0.128 0.038 0.000 

Band gap (eV) at Γ for Bi2Se2Te with relaxation 0.086 0.017 0.000 

Band gap (eV) at Γ for Bi2Te2Se without relaxation 0.039 0.037 0.000 

Band gap (eV) at Γ for Bi2Te2Se with relaxation 0.027 0.037 0.000 

Table 2.2: Induced band gaps for ternary Bi-based TI thin films with various 

thicknesses at the Γ point. 
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Figure 2.11: (a) Layer-projected charge density for 4QLs (~3.6nm) Bi2Se2Te without the 

atomic relaxation, contributed by surface states in the neighborhood of the Γ 

point. Charge density resulting from (b) top and (c) bottom surface wave 

functions and (d) 4QLs (~3.7nm) Bi2Te2Se with the atomic relaxation. 

The origin of the critical thickness needed to maintain the metallic nature of the 

surface states can be understood by studying the layer-dependent surface charge 

densities. The procedure is same as that used for the binary Bi-based TI, except the 

charge density in the interstitial regions is also considered in order to locate the surface 

state spread in the bulk region as precisely as possible for thinner films thicknesses. For 

4QLs thick Bi2Se2Te films, the combined charge density from the surface states of both 

sides of the film seems to be significant in the middle of the bulk region (Fig. 2.11(a)). 

However, I separately computed the charge densities resulting from top and the bottom 

surface states. As seen from the plots in Figs. 2.11(b) and 2.11(c), the density associated 
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with surface states drops rapidly beyond 2QLs, indicating negligible interaction between 

these opposite surface states in the 4QLs film, consistent with the observed protected 

Dirac cone. Relaxation of atomic positions is found to have no significant effect. In the 

4QLs films of Bi2Te2Se, even the combined contribution from both surfaces is small in 

our studies with and without atomic relaxation in Fig. 2.11(d). 

The thin films of Tl-based TIs are built from the bulk hexagonal structure with the 

atomic layers stacked along the z-direction and a net vacuum size of 3 nm above the top 

layer and below the bottom layer within a periodic simulation region. Recent theoretical 

[18] studies suggest contributions to the surface band structure from the dangling bonds 

arising from the surface terminations, and that these dangling states appear along with the 

topological surface states. Among four surface terminations, with the atomic layer 

ordering as Tl-Se(Te)-Bi-Se(Te), Se(Te)-Bi-Se(Te)-Tl, Bi-Se(Te)-Tl-Se(Te), and Se(Te)-

Tl-Se(Te)-Bi, the one with Se (Te) beneath the Tl layer is argued to have minimal surface 

dangling bond density [18]. Therefore I chose this termination in all further thin film 

studies. I note here that experiments do not observe any signature of dangling bond states 

in the optical spectra [17]. And, at least for this termination, I do not find any signature of 

the dangling bond state either, at least, within the Dirac cone region. Different 

thicknesses of thin films of TlBiSe2, ranging from 23 to 39 layers, corresponding to 

thicknesses of 4 to 7 nm and 23 to 31 layers for TlBiTe2 with the maximum thickness 

value of 5.8 nm were considered. In computing surface band structure, I choose kinetic 

energy cut-off of 400 eV and k-mesh size of 9×9×1 on the surface BZ of the hexagonal 

supercell. I consider the relaxation of atomic positions in the z-direction since it is argued 

that the positions of Se (Te) atoms are critical in determining the topological nature of the 

surface states [18]. The positions are assumed to be optimized when the z component of 

the forces are smaller than the threshold value 0.015 eV/Å. 
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As for the Bi-based TIs, Tl-based TIs also show thickness dependent electronic 

structure. The Dirac cone is preserved in TlBiSe2 with 39 atomic layers, corresponding to 

a thickness of 7 nm in Fig. 2.12(a), and in TlBiTe2 with 31 layers of a thickness 5.8 nm in 

Fig. 2.12(b), where red circles denote surface state contributions and the solid black lines 

represent the bulk bands. I reproduce the interesting experimental features of TlBiSe2 

[17] and TlBiTe2 [52]. The bulk VB (BVB), in TlBiSe2 has two maxima between Γ and 

M points in the hexagonal BZ and the bulk CB (BCB) has a minimum at M . The Dirac 

cone is found to exist inside the bulk band gap, at the Γ point of the BZ. These features 

are clearly seen in our computed band structure of Fig. 2.12(a). Our computed band 

structure of TlBiTe2 shows that the Dirac point is below the BVBM in Fig. 2.12(b). The 

BCBM is placed at Γ and the BVBM along the line joining Γ and M, producing an 

indirect gap of 83 meV. Another BVBM emerges along the line joining Γ to K. These 

features including the indirect gap size, positions of BVB, BCB, and the Dirac point are 

consistent with the recent experimental study [52]. 

For thin film thicknesses corresponding to fewer than 39 (31) atomic layers in 

TlBiSe2 (TlBiTe2), our study suggests that a band gap opens in the otherwise metallic 

surface states as shown in Fig. 2.13(a) (Fig. 2.13(b)) the 31 (27) atomic layers of TlBiSe2 

(TlBiTe2), much like those in Bi-based TIs [14]. With decreasing thicknesses, the size of 

the gap seems to increase indicating the increased interactions between surfaces states 

that exist on two opposite surfaces of the TI. The gap values are summarized in Table 

2.3. There are no experimental reports, so far, on the critical film thickness necessary to 

preserve the metallic bands for Tl-based TIs which our theoretical study predicts. It is 

interesting to note that the predicted induced gaps in Tl-based TIs, for the same film 

thickness, are larger than the Bi-based TIs. 
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Figure 2.12: Band structures of (a) 39 layers (∼7.0 nm) TlBiSe2 film and (b) 31 layers (∼

5.8 nm) TlBiTe2 film. Orbital contributions from first few layers in each 

thickness are marked with red circles. 

 

Figure 2.13: Band structures of (a) 31 layers (∼5.6 nm) TlBiSe2 film and (b) 27 layers (∼

5.2 nm) TlBiTe2 film. Orbital contributions from first few layers in each 

thickness are marked with red circles. 

Number of layers 23 27 31 35 39 

Band gap (eV) at Γ for TlBiSe2 0.059 0.042 0.023 0.015 0.000 

Band gap (eV) at Γ for TlBiTe2 0.018 0.009 0.000 NA NA 

Table 2.3: Induced band gaps for Tl-based TI thin films with various thicknesses at the 

time-reversal invariant point Γ. 

I mapped out surface states in the band structure by following the same method, 

applied to Bi-based TIs. From the top or bottom surface of the film, eight (six) atomic 
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layers were chosen for TlBiSe2 (TlBiTe2). A larger number of atomic layers are used for 

TlBiSe2 than for TlBiTe2 because a larger number of atomic layers is required to preserve 

the metallic band structure because the surface states are less localized to the surface 

region in TlBiSe2. These choices also helped us to choose the same cut-off percentage for 

both the Tl-based TIs in estimating the surface state contributions. For film thicknesses 

corresponding to 23, 27, 31, 35, and 39 atomic layers in TlBiSe2, respectively, these cut-

offs were varied from 70 %–50 %, in steps of 5 % decrease. For TlBiTe2, 23, 27, and 31 

atomic layers were considered with cut-offs of 70 %, 65 %, and 60 %. Examples results 

of these orbital contributions are marked on the top of the total band structure in Figs. 

2.12 and 2.13.  

The origin of the critical thickness to maintain the metallic nature of surface states 

can be understood by studying the layer-dependent surface charge densities, used for Bi-

based TIs. I focused on surface states around the Dirac point, in an energy window 

chosen such that same number of wave functions is used for building the surface charge 

density. The wave functions at three closely spaced k-points including the Γ point were 

chosen. The relative charge density is plotted in Figs. 2.14. Our studies suggest 

exponential decay of the charge density in the bulk region but with slower decay in 

TlBiSe2 than in TlBiTe2. In about 12–14 atomic layers, from top or bottom surfaces of 

the film (~2.3 nm), the surface state contributions decay to almost zero in TlBiTe2, 

whereas, the surface states extends up to 16–18 atomic layers (~3 nm) in TlBiSe2. With 

decreasing film thickness, the charge density accumulates in the middle of bulk region in 

both compounds in Fig. 2.15, suggesting increasing interactions of surface states by 

overlap of wave functions inducing a gap at Dirac point. However, while a band gap is 

opened in the surface band structure, away from the surface band edges band structure is 

unaffected, i.e., it does not split into two bands as one would expect from resonant 
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coupling between opposite surface states, suggesting that the splitting is due to the 

interband coupling between top surface CB (VB) and bottom surface VB (CB). 

 

 

Figure 2.14: Layer-projected charge density, contributed by surface states in the 

neighborhood of the Γ point for (a) 39 atomic layers (~7 nm) TlBiSe2 and 

(b) 31 atomic layers (~5.8 nm) TlBiTe2. 

 

Figure 2.15: Layer-projected charge density for thinner samples of (a) 31 atomic layers 

(~5.6 nm) TlBiSe2 and (b) 27 atomic layers (~5 nm) TlBiTe2. 
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2.5 CONCLUSION 

I use a density functional based electronic structure method to study the bulk and 

thin film surface state properties of Bi and Tl-based topological insulators. To check the 

band inversion in the bulk band structure which is the evidence of TI, I map out the atom 

and orbital projected bands from the crystal wave-functions. I then extract the surface 

state contributions to the thin-film band structure and explain the band inversion in bulk 

TI when spin-orbit interaction is included. In thin film band structures, these studies 

predict that the Dirac cone remains protected in thinner layers of ternary Bi-based TIs 

than in binary Bi-based TIs or than in Tl-based TIs, which may be advantageous for 

certain applications. However, I also predict that in the atomically relaxed structures, the 

Dirac cone of all but Bi2Se3 lie in or near the BVB. However, the Dirac cone of Bi2Se2Te 

remains outside of the BVB in the absence of relaxation, as might occur with dielectrics 

replacing the air gap. And, of course, the bonding to the dielectric could directly affect 

the surface states as well. Our computed results agree very well with experimental results 

where available, while other predictions such as the critical film thicknesses required to 

maintain the Dirac cone, size of the induced gaps, and the extent of the spread of surface 

states in the bulk region point to further needed experimental work. 
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Chapter 3: Effects of Dielectric Materials on Bismuth-based 

Topological Insulator Surface States 

 

3.1 INTRODUCTION 

The advances in understanding of structural, electronic, magnetic and transport 

properties of three-dimensional (3-D) topological insulator (TI), made possible by both 

experimental and theoretical studies [14], [21], [61], can provide important information 

for novel applications. Beside the fundamental studies of these model 3-D TI materials, 

theoretically, no studies of dielectric effects on the surface states, important in the 

realization of field-effect-transistor (FET), have been performed so far from first 

principles. I address dielectric effects on the TI surface states using density functional 

theory (DFT). Two crystalline dielectrics were considered: quartz (SiO2) and boron 

nitride (or BN). Only Bi-based TIs (Bi2Se3, Bi2Se2Te and Bi2Te2Se) were considered for 

this study. 

 

3.2 CRYSTAL STRUCTURES AND COMPUTATIONAL APPROACH 

Thin film structures for both binary and ternary Bi-based TIs are constructed by 

stacking up several quintuple layers (QLs) along the z-direction with a vacuum region of 

3 nm which forms the supercell in the DFT calculation. The first principle calculations 

were performed using the OPENMX code [62], based on a linear combination of 

pseudoatomic orbital (PAO) method [63]. The pseudopotentials were generated from full 

relativistic calculations, and the generalized gradient approximation [57] was applied for 

the exchange-correlation potential. The kinetic energy cut-off of 180 Rydberg and the k-

point mesh of 7×7×1 were used. The basis sets were carefully chosen to reproduce 
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previous bulk and thin film calculations. I used lattice parameters for binary and ternary 

Bi-based TIs, introduced in the previous Chapter 1, respectively. I considered the thin 

film of 6QLs and 4QLs for binary and ternary Bi-based TIs, respectively, since previous 

studies suggest that 6QLs and 4QLs are the minimum thicknesses to maintain the gapless 

surface state at the Dirac point. 

I chose crystalline SiO2 in order to assess the effect of oxygen environment on the 

TI surface states. The choice of BN dielectrics is perhaps guided by the recent graphene 

transport experiments using crystalline dielectrics [64], [65]. I considered both symmetric 

and asymmetric cappings in terms of relative orientations of TI and dielectric surface 

atoms. Asymmetry in terms of different dielectrics on two opposite TI surfaces was not 

considered. 

The bulk structures of both dielectrics were studied with the computational 

parameters described previously. I note that semi-local potentials overestimate the lattice 

constants of BN by few percent and underestimate the band gap by almost 33% [66], as 

compared to the experimental values. The experimental lattice parameters of hexagonal 

BN are: a = 0.2494 nm and c = 0.666 nm with d(B-N) = 0.144 nm [67], and the band gap 

is 5.97 eV [68]. I used experimental values of lattice constants and the atomic positions. 

With these experimental values, our calculated bulk band gap value is 5.5 eV close to the 

experimental value 5.97 eV. The hexagonal crystal structure of quartz contains fourfold 

coordinated oxygens, forming a layered structure with Si with the experimental lattice 

parameters (a = 0.4914 nm and c = 0.5408 nm) [69]. Our DFT calculations of optimized 

lattice parameters with semi-local potentials are found to be close to these experimental 

values, accurate to within 0.1 %. Therefore, I chose experimental lattice parameters for 

building our interface structure of TI and quartz. The bulk amorphous SiO2 has direct 

band gap of 8.9 eV [70], and our DFT calculation of crystalline SiO2 results in a band gap 
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value of 6 eV. I note that our results obtained for quartz should be considered at best 

qualitative with regard to TIs with capped with amorphous SiO2. 

 

3.3 TOPOLOGICAL INSULATOR THIN FILMS WITH DIELECTRIC MATERIALS 

The interface structures are constructed from the 6QLs Bi2Se3 TI film and using 

the following combinations of thin film structures with two dielectrics. Our analysis 

suggests that to keep our computational burden in DFT-based calculations minimal, 

3×d(B-N) lattice structure can be matched in-plane with 1×1 Bi2Se3 cell or any multiple 

of this combination that can maintains 3:1 lattice size ratio resulting always in 4 % 

natural strain. Other combinations to allow less strain result in either difficulty informing 

the periodic structure or larger in supercells with orders of magnitude more atoms. Along 

the stacking direction, 6QLs of Bi2Se3 (~ 6 nm) is put on six atomic layers of BN (~ 1.7 

nm). The choice of 6 BN layers is somewhat arbitrary and guided by the fact that the size 

of vacuum and BN layers should be thick enough to avoid interactions of periodically 

repeated Bi2Se3 surface layers. I maintained TI lattice and strain the BN lattice to fit with 

Bi2Se3 surface resulting in the compressive strain in BN layers. For SiO2 dielectric, the 

supercell structure consists of two unit cells of SiO2 sandwiching 6QLs of Bi2Se3 stacked 

along the z-direction. The size of SiO2 and Bi2Se3 cell along x-y-direction chosen is, 

respectively, 1×1 and 2×2 to keep the computational burden minimal. This produces 

about 2.75% compressive strain on both sides of SiO2. Consideration of larger sizes 

results in lower strain, but the total number of atoms in the cell increases at least an order 

of magnitude (250 versus 2500). 

I considered four configurations of Se positions on the TI surfaces with respect to 

boron and nitrogen positions on the BN layer: Se on the top of B, on the top of N, on the 
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hexagonal hole and on the bond between B and N atoms. Two surface terminations, Si 

and oxygen, of quartz were considered. Our calculations suggest that all BN 

configurations are energetically close and provide quite similar band structures. 

Therefore, we had a choice in the selection of a particular configuration for further 

studies. I chose the case of B or N on the top of Se on both TI surfaces. I refer the 

structure of B or N on the top of Se on both sides of TI film as symmetric capping. The 

structures of B on the top of Se on one side and N on the top of Se on the other side of TI 

film, or only B or N on one side of TI film and vacuum on the other side, are referred as 

asymmetric capping. For quartz, both TI surfaces capped with either oxygen-terminated 

or Si-terminated quartz were considered. Because quartz is a fourfold coordinated 

structure, both of the surface terminations of quartz possess dangling bonds. Therefore, 

for quartz I also considered the dangling bond saturation with hydrogen, that is, hydrogen 

passivation of quartz surfaces.  

To set the optimal distance between the BN and Bi2Se3 layers at the interface, I 

performed the total energy calculations at the chosen set of interfacial distances. Our 

studies suggest an optimal distance of 0.3 nm for the case of the Se layer in Bi2Se3 on the 

top of either B or N in BN. For Bi2Se3 on quartz, in addition to the quartz termination, the 

interfacial distances with and without hydrogen passivation also must be considered. Our 

studies suggest an optimal distance of 0.3 nm for Si-terminated surface, regardless of 

whether dangling bonds are saturated or not. However, for oxygen-terminated surfaces, I 

obtained quite different values, 0.4 nm (0.25 nm) without (with) passivation. I considered 

these optimal interfacial distances in our further studies. 

I considered the atomic relaxations in the interfacial region in order to check its 

effect on the electronic structure of TI surface states. Two cases were considered: first is 

the case of Se on the top of B atom on both sides of TI with the initial optimal separation 
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of 0.3 nm. I let atoms close to the interface (Bi/Se atoms in the top and bottom QLs and 

B/N atoms in the two layers next to TI surfaces) move in the z-direction. The second 

choice is that of oxygen-terminated quartz with saturation of dangling bonds put on both 

TI surfaces with optimal separation of 0.25 nm. Bi/Se atoms in the top and bottom QLs as 

well as Si/O atoms next to the TI surfaces are allowed to move in the z-direction, while 

hydrogen atoms used to saturate dangling bonds are relaxed in all directions. 

I now present the dielectric effects on the TI surface states of Bi2Se3. We first 

discuss the BN interface effects followed by the effects due to quartz surface 

terminations. Figs. 3.1(a) and 3.1(b), respectively, show the band structures of the 

supercell consisting of 6QLs Bi2Se3 capped on both sides by BN with either B on the top 

of Se atom or N on the top of Se atom (symmetric capping). The atomic relaxation is not 

considered here. The Dirac cone and its degeneracy are protected in both cases. This 

insensitivity of the Dirac cone to the presence of dielectric hints at negligible interactions 

between B or N orbitals with Se orbitals. I confirm this hypothesis by plotting atom 

projected DOS in the same energy range as the band structures in Figs. 3.2(a) and 3.2(b). 

These plots show that both B and N orbitals are not in resonance with the Se orbitals of 

TI. As a result, the Dirac cone surface states are protected. The band structure including 

the effect of atomic relaxation for the structure of B on the top of Se on both sides is 

shown in Fig. 3.1(c). Comparison Fig. 3.1(a) with Fig. 3.1(c) indicates that the relaxation 

of interfacial atomic positions does not affect the essential characteristics of surface states 

near the Fermi surface. Fourfold degeneracy at the Dirac point and the dispersion relation 

still remain same, while valence bands of BN are a bit shifted close to the Dirac point. 
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Figure 3.1: Band structures of Bi2Se3/BN supercell along high symmetry directions of 

the hexagonal BZ for symmetric cap ping case (a) B on the top of Se and (b) 

N on the top of Se on both sides of TI film without atomic relaxation. The 

Dirac cone and its degeneracy at the Γ point are not disturbed in the 

presence of crystalline BN thin film. (c) Same case of (a) with atomic 

relaxation. Atomic relaxation has little effect on the Dirac cone feature. 
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Figure 3.2: The atom projected DOS in the same energy range as the band structures in 

Fig. 3.1 for symmetric capping cases (a) B on the top of Se and (b) N on the 

top of Se on both sides of TI film without atomic relaxation. Se orbitals are 

not in resonance with either B or N orbitals near the Fermi level. 

In case of asymmetric capping, B on the top of Se atom on one side and vacuum 

on the other side of the TI film shows that the Dirac point degeneracy is not affected in 

Fig. 3.3(a). However, there is some splitting of valence and conduction bands close to it. 

With B on the top of Se on one side and N on the top of Se on the other side, the Dirac 

cone is not affected either as seen in Fig. 3.3(b). Again, the atom projected DOS plots in 

Figs. 3.4(a) and 3.4(b) suggest that this insensitivity is due to non-overlap of B and N 

orbitals with the Se orbitals. 
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Figure 3.3: Band structures of Bi2Se3/BN supercell along high symmetry directions of 

the hexagonal BZ for asymmetric capping cases (a) B on the top of Se on 

one side and vacuum on the other side of TI film and (b) B on the top of Se 

atom on one side and N on the top of Se atom on the other side without 

atomic relaxation. 

   

Figure 3.4: The atom projected DOS in the same energy range as the band structures in 

Fig. 3.3 for asymmetric capping cases (a) B on the top of Se on one side and 

vacuum on the other side of TI film and (b) B on the top of Se on one side 

and N on the top of Se on the other side of TI film without relaxation. 

The Si-terminated surface of quartz, both without and with dangling bond 

passivations, show the protected Dirac cone surface state (Figs. 3.5(a) and 3.5(b)), 

consistent with the DOS plots in Figs. 3.6(a) and 3.6(b). Si orbitals do not mix with Se 

orbitals in the energy range close to the Dirac point. Fig. 3.7(a) shows the band structure  
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Figure 3.5: Band structure of Bi2Se3 with Si-terminated quartz supercell along high 

symmetry directions in the hexagonal BZ (a) without hydrogen coverage 

and (b) with hydrogen coverage. 

   

Figure 3.6: The atom projected DOS in the same energy range as the band structures in 

Fig. 3.5 for the Si-terminated quartz cases (a) without hydrogen passivation 

and (b) with hydrogen passivation. 

of the TI surface in the presence of oxygen-terminated quartz without atomic relaxations. 

The DOS plots (Fig. 3.7(b)) shows that oxygen orbitals lie close to the Se orbitals and 

dominate the region around Fermi level. The surface state Dirac cone also exists close to 

the Fermi level and is buried deeply inside the band structure in Fig. 3.7(a). Recent 

experimental studies of environmental effects on TI surface suggest charge doping due to 

presence of oxygen [71], but argue on the insensitiveness of TI Dirac cone. With oxygen  
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Figure 3.7: (a) Band structure of Bi2Se3 with oxygen-terminated quartz supercell 

without atomic relaxation along high symmetry directions in the hexagnoal 

BZ and (b) corresponding atom projected DOS. The strong hybridization of 

Se and oxygen orbitals near the Fermi level is observed. 

surface passivation with hydrogen, I recover a clear Dirac cone (Fig. 3.8(a)) which is 

consistent with the DOS plots in Fig. 3.8(b). Atomic relaxation of interfacial atoms has 

no effect on the Dirac cone as well as its degeneracy (Fig. 3.8(c)). 

The construction of interface structures for ternary TI Bi2Se2Te (Bi2Te2Se) is 

similar with that for Bi2Se3 except the thickness of TI films. Since 4QLs is predicted as a 

minimum thickness to preserve the Dirac cone band structure for ternary TIs [31], 4QLs 

thick TI films are used in the ternary TI calculations. 

For the BN dielectric capping, the BN of 3×d(B-N) lattice structure is matched in-

plane with the 1×1 Bi2Se2Te (Bi2Te2Se) cell. Since I keep the lattice constant of Bi2Se2Te 

(Bi2Te2Se) and fit BN into it, BN is under about 0.3% compressive strain (1.1% tensile 

strain). Six layers of BN (~1.7nm) is put on each side of 4QLs Bi2Se2Te (Bi2Te2Se). For 

the SiO2 dielectric, the 1×1 SiO2 cell is fit with the 2×2 Bi2Se2Te (Bi2Te2Se) cell in-plain, 

which results in 0.8% compressive strain (0.5% compressive strain) on SiO2. Two unit 

cells of SiO2 is stacked on both sides of 4QLs Bi2Se2Te (Bi2Te2Se) in the z-direction. 
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Figure 3.8: Same as Fig. 3.7 but now with hydrogen coverage of oxygen dangling 

orbitals (a) band structure without atomic relaxation and (b) corresponding 

atom projected DOS. The Dirac cone of TI is recovered due to non 

interaction of Se and oxygen orbitals. (c) Same case with atomic relaxation. 

The Dirac cone feature is not affected by the atomic relaxation. 

Four configurations of Se (Te) positions on the TI surfaces with respect to B and 

N positions on the BN layer were studied and found to be energetically quite similar 

same as our studies suggested for binary TI. The optimal distance between BN and 

Bi2Se2Te (Bi2Te2Se), minimizing the total energy, is found to be 0.32 nm (0.3 nm). I 

considered asymmetric capping, B on the top of Se (Te) on one side and vacuum on the 

other side or B on the top of Se (Te) on one side and N on the top of Se (Te) on the other 

side, as well as symmetric capping, B on the top of Se (Te) on both sides. For the SiO2 
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capping, I focused on oxygen-terminated SiO2 on both sides of TI without saturating 

oxygen dangling states as a critical case because there are reports, as discussed in the 

previous Section, that oxygen dangling states may play a crucial role in modifying TI 

surface. Only Bi2Te2Se with oxygen-terminated quartz was studied because we know 

from the binary TI Bi2Se3 that Se orbitals lie close in energy with the oxygen orbitals and 

due to structural similarities between ternary and binary TIs with the top surface 

containing Se atoms. Atomic relaxation was not considered for ternary TIs because the 

rearrangement of atomic positions was found to have no significant effect in the binary TI 

with dielectrics. 

Computed band structures of Bi2Se2Te/BN supercell are seen in Fig. 3.9. Both 

asymmetric capping, in Fig. 3.9(a) (B on the top of Se on one side and vacuum on the 

other side) and Fig. 3.9(b) (B on the top of Se on one side and N on the top of Se on the 

other side), and symmetric capping in Fig. 3.9(c) (B on the top of Se on both sides) 

indicate that the Dirac point and the surface state dispersion are preserved. However, 

small splitting between top and bottom surface bands occur in the asymmetric case, 

induced by different environments on opposite surfaces, while no such splitting exists in 

the symmetric structure. 

Fig. 3.10 shows band structures of Bi2Te2Se/BN supercell. In Fig. 3.10(a), the 

asymmetric capping of B on the top of Te on one side and vacuum on the other side, the 

fourfold degeneracy at Dirac point is maintained, but two opposite surface bands seem to 

split. Another asymmetric capping that Te is on the top of B on one side and N on the 

other side results in the split of fourfoud degeneracy into two twofold degeneracies at the 

Γ point. The twofold degeneracy on each surface band still remains due to Kramer’s 

theorem, which requires that the twofold degeneracy at the time-reversal invariant 

momenta points, is protected in the absence of time-reversal symmetry breaking 
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perturbations. On the other hands, in the symmetric structure of B on the top of Te on 

both sides, surface bands on both sides are perfectly aligned as seen in Fig. 3.10(c). 

For the capping Bi2Te2Se with the oxygen-terminated quartz without dangling 

bond passivation, the Dirac cone surface states are highly influenced by the oxygen 

dangling states in Fig. 3.11(a). Similarly with Bi2Se3, the Dirac point is under within the 

valence bands of quartz. From the DOS plot in Fig. 3.11(b), Bi, Te and Se orbitals are 

overlapped with oxygen orbitals near the Dirac point. 

 

Figure 3.9: Band structure of Bi2Se2Te/BN supercell along high symmetry directions of 

the hexagonal BZ for asymmetric capping cases (a) B on the top of Se on 

one side and vacuum on the other side of TI film and (b) B on the top of Se 

atom on one side and N on the top of Se atom on the other side and for 

symmetric capping case (c) B on the top of Se on both sides of TI film. 
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Figure 3.10: Band structure of Bi2Te2Se/BN supercell along high symmetry directions of 

the hexagonal BZ for asymmetric capping cases (a) B on the top of Te on 

one side and vacuum on the other side of TI film and (b) B on the top of Te 

atom on one side and N on the top of Te atom on the other side and for 

symmetric capping case (c) B on the top of Te on both sides of TI film. The 

fourfold degeneracy is lifted to two twofold degeneracies at the Γ point in 

(b) due to the different environments on TI surfaces. 
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Figure 3.11: (a) Band structure of Bi2Te2Se with oxygen-terminated quartz supercell 

without atomic relaxation along high symmetry directions in the hexagnoal 

BZ suggesting that Dirac cone is not protected and (b) corresponding atom 

projected DOS. The Dirac point of TI is buried into quartz valence bands. 

 

3.4 CONCLUSION 

Density functional calculations are performed to study the perturbations from 

dielectric cappings to the Dirac cone surface state of 3-D Bi-based binary and ternary TIs. 

Two crystalline dielectrics boron nitride and SiO2 were considered with both symmetric 

and asymmetric cappings. Our study suggests that oxygen coverage substantially affects 

the Dirac cone, consistent with a recent experimental study. All other surface dielectric 

terminations have no significant effect on the TI surface states. 
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Chapter 4: Electron-Hole Pair Condensation in Topological 

Insulator Thin Films 

 

4.1 INTRODUCTION 

 The theoretical prediction on the exciton condensation in a graphene bilayer 

system [72]–[74] has attracted considerable attention due to its possible applications for 

beyond complementary metal-oxide-semiconductor (CMOS) low power devices [75]. 

Recently, another type of Dirac material topological insulator (TI) has been predicted by 

theory [7], [8], [14] and realized experimentally [13], [76]. TIs possess robust Dirac cone 

surface states that are protected by time-reversal symmetry. Due to the absence of a band 

gap and limited density of states and, particularly, lack of valley or spin degeneracy and 

associated screening, TIs might be considered a good system for the electron-hole pair 

condensation, similar to graphene bilayer. Here, I investigated the electron-hole pair 

condensation in TIs at 300 K using an atomistic tight-binding model combined with self-

consistent mean-field theory. I consider two different TI structures as illustrated in Fig. 

4.1. The first one (Fig. 4.1(a)) is one TI layer sandwiched by gate dielectrics on both 

sides. Top and bottom gates independently control the electron or hole densities on 

opposite sides, respectively. In the other structure described in Fig. 4.1(b), two TI layers 

are separated by the middle insulator. Electron and hole densities at two interfaces are 

tuned by two external gate biases as for the first case. In this study, I focus on Bi2Se3 

among several TI materials, because of its large bulk band gap and relatively graphene-

like linear surface band structure. 

  



 43 

 

Figure 4.1: Schematic structures for the electron-hole pair condensation (a) electron-

hole pair in one TI and (b) electron-hole pair between two TIs. Electron hole 

densities are independently controlled by top and bottom gates as show in 

the schematic band structures in (c). 

 

4.2 ATOMIC ORBITAL-BASED TIGHT-BINDING MODEL WITHIN MEAN-FIELD THEORY 

The atomic orbital-based tight-binding model is constructed by setting up 

maximally localized wannier functions (MLWFs) using OPENMX [62], [63], a first 

principle electronic structure calculation software. I assign sp3 orbitals at every atom in 

Bi2Se3 as initial guesses ("projectors") in the process of obtaining MLWFs, since surface 

band structures around the Dirac point are mainly composed by p orbitals [14]. At every 

atomic site, same two sets of sp3 orbitals are given to account for spin up and spin down, 

respectively. So, a total eight orbitals (four spin up and four spin down hybridized sp3 

orbitals) are assigned to every atom, yielding eight MLWFs per an atom. With a given set 

of MLWFs and corresponding tight-binding Hamiltonian, I could well reproduce the 

DFT-obtained TI thin-film surface band structures from the tight-binding calculations. 

Many-body interactions are approximated by a non-local mean field potential [77] 
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where Uext is the external potential, J and K are coulomb and exchange operators, 

respectively, Ψ is a wave function, α and β are labels for the quasi-single particle 

eigenstates, r and s are the coordinates for space and spin, respectively, nβ is the 

occupation factor, and εr(r−r') is effective position-dependent dielectric constant as 

discussed in the Section 4.3 below (with position dependence suppressed in the notation 

below). We are primarily interested in the non-local coulomb-mediated exchange 

interaction, the third term in the above equation. 

                         

         
  

            
  

                         

   

                 

A wave function Ψ in the continuous space r can be expressed as a linear combination of 

tight-binding atomic orbital basis Φ as 

                          

 

        

 

    

                               

 

where μ is a label for sp3 orbitals at same atomic site, S is a label for spin up or spin 

down, and R is the position of atoms on our tight-binding lattice. By replacing the wave 

function Ψ in Eq. 4.2 with Eq. 4.3 and using the orthonormality of atomic orbital basis Φ 

              

                   
         

  

            
  



 45 

       
      

      

  

            
  

Eq. 4.2 is reduced to 

          
    

                

             
    

   

              

         
    

  

 

      

                    

Eigenstates lables α and β in Eq. 4.4 can be expanded in terms of the band index γ and 

wave vector k. 

            
    

                        

                 
    

   

                  

           
    

  

 

      

   

     

 
Then, within the single-particle tight-binding basis, the Schrodinger equation for the total 

Hamiltonian including the tight-binding Hamiltonian HTB, the external potential Uext, the 

coulomb (Hartree) potential and exchange potential, can be written as 

             
                   

         

                        
     

   

                  

          
    

  

 

      

                        

                 
    

   

                  

           
    

  

 

      

           
          

                                                                                                                        

Since I consider the pairing between electrons and holes on the opposite surfaces of one 

TI, or between electrons on the surface of one TI and holes on the adjacent surface of 
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other TI through the low dielectrics, the external bias should be applied through the 

structure. Therefore, Eq. 4.6 needs to be determinedly self-consistently with an 

incorporation of Poisson’s equation 

2 2

0

ext
ext

r

U e
V

e



 
     ,                      (4.7) 

where ρ is the charge density. Due to the heavy computational cost in the calculation of 

exchange potential, the fourth term of Eq. 4.6, I first obtain self-consistent solutions to 

Eqs. 4.6 and 4.7 without the exchange term in Eq. 4.6. Then, variation in the onsite 

potentials as a function of position normal to the plane of the TI layer(s) is obtained self-

consistently as a function of externally applied electrostatic potential and charge density 

(Hartree contribution) using Poisson's equation. Eq. 4.6 is thus reduced to, 

             
                     

    

                       

                 
    

   

                  

          
    

  

 

      

 

           
          

                                                                                                                   

Finally, Eq. 4.8 is solved in a self-consistent way through an iterative procedure. A 

simple initial guess for the tight-binding wave function correlation term 

            

                 
    ) which is assumed to be            is used for the first 

iteration. 

 

4.3 EFFECTIVE DIELECTRIC CONSTANT IN THREE DIELECTRIC LAYERS 

As derived before, we mainly focus on the coulomb-mediated exchange potential 

which involves the relative dielectric constant. If we consider the coulomb-mediate 

interaction between two charges in the bulk material, just using its intrinsic value would 
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be fine. However, since I deal with the interaction in the structure of three dielectric 

layers as shown in Fig. 4.1, estimating the effective dielectric constant is essential. 

I can derive an analytic form for the effective dielectric constant using the method 

of image charges [78]. It is well know that the potential for two regions, due to a point 

charge q at a distance d from the plane separating two different dielectric media in Fig. 

4.2(a), is expressed as 

   
 

       

 
 

 
 

  

  
     

 

       

   

   
  

where two image charges    
       

       

      ,     
    

       

      , and    
 and 

   
 are relative dielectric constants for two regions, respectively. The method of image 

charges is explained in the analogy of a point light source. In Fig. 4.2(a), let’s consider 

the point light source q. The propagating light from q is divided into two components at 

the boundary, transmitted and reflected lights from q' and q'', respectively. The size of q' 

and q'' is determined by α and β, respectively, as defined above. This can be extended to 

three dielectric layers structure as in Fig. 4.2(b). The light starts from the real charge and 

splits into two independent lights at the boundary with generating corresponding image 

charges. Subsequently, generated lights keep propagating and every light splits into two 

independent lights whenever it reaches the boundary. The image charge for each of the 

lights is weighted with the coefficient α (for transmitted light) or β (for reflected light). 

The potential for each region is the sum of individual potentials from every generated 

image charge. The analytical expression of potential at the point X in Fig. 4.2(b) is 

derived as 
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Figure 4.2: Schematic diagrams of the image charge generation in (a) two dielectric 

layers and (b) three dielectric layers, respectively. A coordinate system for 

the analytical expression of potential at X by a point charge at Q, are 

denoted.   

   
 

      
  

         

                     

 

   

  
            

                     

 

   

  
         

                     

 

   

  
            

                         

 

   

  
 

      
  

where Q is a point charge and m is the thickness of a middle dielectric layer. 

Using the analytical equation, I investigated the effective dielectric constant 

between two charges on two different interfaces, respectively, in three dielectric layers 

structure. As shown in Fig. 4.3, a point charge is placed on the interface of dielectric 

materials 1 and 2 (Interface12). I calculated the in-plane potential on the interface of 

dielectrics 2 and 3 (Interface23) from the point charge on the Interface12 by the analytical 

equation, and divided it with the reference potential (the potential by a point charge in 
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vacuum) to get the effective dielectric constant. I considered two cases: 1) Two low-k 

insulating materials 1 and 3 sandwich the high-k dielectric in the middle. 2) Two high-k 

dielectric materials 1 and 3 put on both sides of the low-k insulator. The first one 

corresponds to the structure Fig. 4.1(a) where electrons and holes interact through the TI 

itself. The other one is for the structure in Fig. 4.1(b) where electrons on one side of TI 

couples with holes on the adjacent side of other TI. For both cases, high-k dielectric 

constants 100 and 30, corresponding to low and high frequency dielectric constant of 

Bi2Se3 [79]–[81], are tested. Dielectric constants 3.9 (SiO2), 2.2 (BN), and 1 (vacuum) 

are used as low-k dielectrics for the top and bottom gate oxides, or the middle oxide. The 

first case (low-k/high-k/low-k) is shown in Fig. 4.4. I fixed the middle high-k layer 

thickness to 3 nm, close to the thickness of 3QLs of Bi2Se3. As seen in Fig. 4.4, the 

Effective dielectric constant is significantly reduced by low-k materials on both sides of 

TI. As the gate dielectric constant gets lower, overall effective dielectric constant is 

reduced more. The effective dielectric constant maximum on the Interface23 is at the point 

closest to the point charge on the Interface12. From this point, it gradually decreases as it 

goes further away. Interesting things happen in the next case (high-k/low-k/high-k). Here, 

I fixed the middle low-k layer thickness to 1 nm since in principle any sizes of thin 

dielectric layer can be prepared. Even though charges on the different interfaces seem to 

interact through the low-k middle insulator, effectively they feel much higher (even 

higher than high-k materials on both sides) dielectric constant. This trend gets even 

stronger for the lower low-k material in the middle. From the effective dielectric constant 

calculation, I can conclude that the first structure in Fig. 4.1(a), where electrons and holes 

on opposite surfaces of one TI are coupled, is more promising over the other structure 

(Fig. 4.1(b)) regarding the electron-hole pair condensation. 
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Figure 4.3: Schematic view of a point charge in three dielectric layers. A point charge is 

on the Interface12 and its potential on the Interface23 is calculated from the 

analytical equation. 

 

Figure 4.4: Effective dielectric constants on the Interface23 in Fig. 4.3 for low-k/high-

k/low-k structure. The notation in legend is the order of ε1/ε2/ε3 in Fig. 4.3. 

 

Figure 4.5: Effective dielectric constants on the Interface23 in Fig. 4.3 for high-k/low-

k/high-k structure. The notation in legend is the order of ε1/ε2/ε3 in Fig. 4.3. 
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4.4 ELECTRON-HOLE PAIR CONDENSATION IN TOPOLOGICAL INSULATOR BI2SE3 THIN 

FILMS 

Using the effective position dependent dielectric constant of Section 4.3, I 

calculated Fock interaction in one layer of Bi2Se3 with low-k dielectrics on both sides of 

it at 300K within the mean-field approximation. I chose 2QLs (~2 nm) Bi2Se3 film and 

vacuum for low-k dielectrics to maximize the Fock interaction. Fig. 4.6 shows the band 

structure of 2QLs without Fock interaction with 250 meV potential difference between 

two surfaces. If I increased the potential difference to accumulate more electrons and 

holes on opposing sides of TI, the Dirac point goes below/above the bulk VB/CB. 

Therefore, I fixed the potential difference to 250 meV. As shown in Fig. 4.6, a gap 

originates from the interactions between wave functions from two surfaces even without 

considering the exchange interaction. The gap size is not uniform, but depends on the size 

of the spin z component of surface states. I have the maximum gap where the spin-z 

component is largest, while the gap is minimized where I have the smallest spin-z. The 

minimum and maximum gap sizes are 32.3 meV and 40.3 meV, respectively in Fig. 4.7. I 

first calculated the band structure including a Fock interaction with real dielectric 

constants of 30 (high frequency) and 100 (low frequency) for Bi2Se3. However, because 

of large dielectric constant, even mitigated by that of the surrounding materials, I could 

not see any additional gap opening by the inclusion of Fock interaction. I then arbitrary 

reduced the dielectric constant of topological insulator to find a k value for the TI 

required to obtain a sizable condensate formation. I tested two low-k values 3 and 5 for 

TI. Fig. 4.8 shows the band structures with Fock term computed with low-k value 5. The 

maximum gap size is somewhat increased from 40.8 meV (without Fock) to 48 meV. 

However, the minimum gap size is reduced from 32.3 meV (without Fock) to 18.4 meV. 

This decrease can be explained by the fact that the band crossing between two Dirac 
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cones occurs farther away from Γ point by the inclusion of Fock term as compare with 

the case of without Fock interaction. As we go farther from Γ point, surface states get 

closer to bulk states. Then, interactions between two surface states get smaller. Therefore, 

the gap size is reduced. I checked this by applying more potential difference (>250 meV) 

between two surfaces, thereby shifting the crossing point away from Γ point. As crossing 

point of two Dirac cones moves away, the gap size by interaction of opposing surface 

states (not by Fock interaction) decreases. As I use a smaller value 3 for TI dielectric 

constant, the gap size increases as shown in Fig. 4.9. In this work, I used arbitrary chosen 

small k value for TIs. To achieve condensate in TI film, we need hypothetical low-k TI 

materials. With currently proposed TIs, we may not expect the significant electron-hole 

pair condensate at room temperature, unlike still considered possible in the graphene 

bilayer within a low-k dielectric environment. 

 

 

Figure 4.6: Band structure of 2QLs Bi2Se3 without Fock interaction. 



 53 

 

Figure 4.7: (a) Minimum and (b) maximum gap sizes of 2QLs Bi2Se3 without Fock 

interaction. 

 

Figure 4.8: (a) Minimum and (b) maximum gap sizes of 2QLs Bi2Se3 with Fock 

interaction. Dielectric constant 5 is used for the TI. 

 

Figure 4.9: (a) Minimum and (b) maximum gap sizes of 2QLs Bi2Se3 with Fock 

interaction. Dielectric constant 3 is used for the TI. 
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4.5 CONCLUSION 

Electron-hole pair condensation in TI thin films at 300 K is examined using a self-

consistent tight-binding approach within a mean-field theory. Two different structures 

(one TI thin film with oxides on both sides of it, two TI thin films separated by middle 

oxide) are considered. Effective dielectric constant calculation reveals that one TI thin 

film sandwiched by low-k dielectric oxides is more promising than the other structure 

using two TI thin films. However, the high dielectric constant of currently available TIs 

suppresses the coulomb-mediated interaction between electrons and holes on the opposite 

sides of TI thin film. Therefore, searching for low-k TI is required to realized the 

electron-hole pair condensation in TI. 
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Chapter 5: Quantum Transport in Topological Insulator-based 

Field-Effect-Transistors 

 

5.1 INTRODUCTION 

A Three-dimensional (3-D) topological insulators (TIs) is characterized by the 

presence of protected spin-polarized semi-metallic surface states with the conduction 

band (CB) and valence band (VB) meeting at a Dirac point, separated by an insulating 

bulk. Conducting surface states of TI are quite robust to nonmagnetic disorder but open a 

gap in the presence of time-reversal symmetry breaking perturbations [24]–[26]. 

However, recent theoretical and experimental studies have shown an induced gap within 

the surface bands in TI thin films even without magnetic disorder [27]–[31]. The gap 

originates from allowed VB-to-CB surface states interactions between the opposite 

surfaces, with a gap size determined by the thin film thickness. (CB-to-CB and VB-to-

VB inter-surface interactions are essentially forbidden by their orthogonal spin status.) 

This gap opening allows for the possibility of TI-based metal-oxide-semiconductor field-

effect transistors (MOSFETs) and band-to-band tunnel FETs (TFETs). Experiments have 

demonstrated FETs using a TI thin film and shown a gate-tunable conductance [36]–[41]. 

There have been several theoretical studies of transport in TIs using a conceptual model 

Hamiltonian for the metallic surface bands [21], [22], [82]. However, for a more accurate 

treatment including the effects of gap opening, I use a full-band treatment of the TI thin-

film band structure. Specifically, in this work, I use quantum ballistic non-equilibrium 

Green’s function (NEGF) simulations with the atomic orbital-based tight-binding (TB) 

Hamiltonian obtained from density functional theory (DFT) to explore the performance 

of MOSFETs and TFETs based on a thin film of the TI Bi2Se3. 
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5.2 TOPOLOGICAL INSULATOR BI2SE3 THIN FILM BAND-TO-BAND TUNNEL FIELD-

EFFECT-TRANSISTORS 

I explore the possibility of band-to-band TFETs based on thin film TIs. Primarily, 

I consider tunneling parallel to the surfaces within a p-i-n (source/gated-channel/drain) 

structure common for many TFET designs, in Bi2Se3 which is one of the most promising 

TI materials. TI-based TFETs would be analogous in some ways to proposed graphene 

nanoribbon TFETs, but without the sensitivity to ribbon width and edge roughness, and 

in some ways to narrow gap III-V TFETs but with substantially thinner quantum well 

widths. 

Fig. 5.1 shows a hexagonal unit cell of bulk Bi2Se3 with lattice parameters a = 

0.4138 nm and c = 2.8633 nm. The building block of the hexagonal bulk Bi2Se3 crystal 

consists of five atomic layers referred to as a quintuple layer (QL). The square shaded 

region in Fig. 5.1 shows one such QL. The entire structure of Fig. 5.1 contains three QLs, 

i.e., 15 atomic layers stacked along the z-direction. The atomic planes within a QL are 

arranged in a sequence Se1-Bi-Se2-Bi-Se1 where the “1” and “2” indicate different Se 

layer structures. A thin film structure can be formed from one up to a stack of several 

QLs. 

 

Figure 5.1: Crystal structure of bulk Bi2Se3 hexagonal unit cell. A quintuple layer (QL), 

a basic building block of thin film structures, is indicated by the rectangle. 
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Figure 5.2: Band structures of 1QL, 2QLs, 3QLs and 6QLs thin films obtained by DFT 

calculation along high symmetry directions in the hexagonal Brillouin Zone 

(BZ). 

Surface band structures for 6QLs, 3QLs, 2QLs and 1QL Bi2Se3 thin films are 

shown in Fig. 5.2. Band structures are obtained from DFT calculations using the 

OPENMX code [62], based on a linear combination of pseudoatomic orbital (PAO) 

method. The pseudopotentials were generated from full relativistic calculations, and the 

generalized gradient approximation was applied for the exchange-correlation potential 

[57]. Metallic surface states within a bulk band gap (~300 meV) exist in the 6 QLs thin 

film. However, a non-zero gap is produced in the 3QLs, 2QLs and 1QL thin films 

resulting from interactions between CB and VB states from nominally opposite surfaces. 

The gap size increases rapidly as the thin film thickness is reduced, reaching about 497 

meV in the 1QL thin film. 

For the transport calculation, I define a series of rectangular unit cells in the 

simulation region, oriented perpendicular to the transport direction x, as shown Fig. 5.3(a) 

in the top view of a thin film. Three different symbols (○, □ and ×) are for atomic 

positions in the different atomic layers stacked in the z-direction. The TB hopping 
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potentials used in the transport calculations are extracted from DFT using maximally 

localized Wannier functions (MLWFs) [83]. At least 3rd nearest neighbor coupling is 

used to accurately reproduce the DFT-obtained band structure. Fig. 5.3(b) shows the 

layout of the simulated Bi2Se3 TFETs, with a semi-infinite p-type source, approximately 

20 nm long undoped gated channels, and a semi-infinite n-type drain. A relative dielectric 

constant of 100 is used for Bi2Se3 [80]. Probability density is injected into the simulation 

region from the set of incident propagating eigenmodes of both semi-infinite leads, 

weighted by the Fermi distribution function of the injecting lead. I use recursive 

scattering matrices to propagate injected probability from the source (drain), through the 

channel, to the drain (source), and/or to reflect it back to the source (drain) [84]. The total 

current is calculated by integrating the injected current over in-thin-film-plane wave-

vector components kx and ky. 

 

Figure 5.3: (a) Top view of Bi2Se3 thin film. A Rectangular unit cell is denoted. (b) 

Schematic structure of TI thin film TFET composed of a series of 

rectangular unit cells. 
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Figure 5.4: Band structures of (a) 1QL and (b) 2QLs thin films calculated from the TB 

Hamiltonian at two different transverse modes (ky = 0 and π/ay) in the 

rectangular BZ. 

I have considered 1QL (~0.7 nm) and 2QLs (~1.6 nm) TI thin film TFETs. Figs. 

5.4(a) and 5.4(b) show the one-dimensional band structures for the 1QL and 2QLs films, 

respectively, for transverse modes of ky = 0, where the band gap minimum occurs at the Γ 

point―which also would be the Dirac point in thicker structure―and ky = π/ay which is 

the edge of the BZ. The band gaps are 497 and 136 meV for the 1QL and 2QLs thin 

films, respectively. 

Before I do electrostatically self-consistent simulations with specific approaches 

to doping, chemical or electrostatic, or gating, I consider channel potential shifts and pre-

defined transition region lengths between the source and channel and channel and drain 

regions. Two different transition region lengths, about 2.1 nm and 4.1 nm, are considered. 

With positive drain bias, the gating of the intrinsic channel region controls current flow 

via overlap (ON) or not (OFF) of the channel CB (VB) with the source VB (drain CB). 

Under these simulation conditions, I find that the larger band gap 1QL film provides 

more favorable behavior, with a far below 60 mV/decade subthreshold slope and large 

ON/OFF ratio in these 300 K ballistic simulations, and a still potentially approaching 
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MOSFET-like transconductance above threshold, as shown in Figs. 5.5(a) and 5.5(b) for 

three different drain biases. The Fermi level in the source (drain) are placed about 8 meV 

below (above) the CB (VB) edge, corresponding to a charge density of 2.47×10
12

/cm
2
 

(9.47×10
13

/cm
2
), to suppress the OFF-state non-tunneling current. The current at three 

different drain biases (0.3, 0.4 and 0.5 V) with changing the channel potential are plotted 

in Figs. 5.5(a) and 5.5(b). Figs. 5.5(c) and 5.5(d) show the band edge profiles for different 

potential shifts with VDS = 0.3 V, and the corresponding transmission probabilities, 

respectively. With a 0 eV potential shift (red circle in Fig. 5.5(a) and red lines in Fig. 

5.5(c)), we have CB-to-VB overlap on the drain side allowing ON-state tunneling. 

Applying a 0.1 eV potential shift (green circle in Fig. 5.5(a) and green lines in Fig. 

5.5(c)) pushes down the entire band and removes the CB-to-VB overlap on drain side, 

thereby leading to negligible current level in Fig. 5.5(a). With still more potential shift 

(blue and light blue circles in Fig. 5.5(a) and blue and light blue lines in Fig. 5.5(c)), the 

CB-to-VB overlap occurs on the source, turning the device back ON. I tested the 2QLs TI 

film with the Fermi levels in the source and drain in the same position relative to the band 

edges as for the 1QL device. I calculated the current at VDS = 0.05, 0.1, and 0.2 V, 

respectively in Figs. 5.6(a) and 5.6(b). The corresponding band profiles with a 60 meV 

potential shift (red line) at VDS = 0.1 V, and the corresponding current distribution plot for 

the transverse modes at ky = 0 only are shown in Figs. 5.6(c) and 5.6(d), respectively. 

From Figs. 5.6(a) and 5.6(b), high levels of OFF current flow for all simulated drain 

biases, which is attributed to the smaller band gap (~136 meV) of 2QLs thin film. As 

illustrated in Figs. 5.6(c) and 5.6(d), even if the Fermi level is very close to the VB (CB) 

in the source (drain), there is a significant amount of electrons (holes) in CB (VB) of the 

source (drain). These thermally injected carriers are the source of the high level of non-

tunneling OFF-state current, limiting the ON/OFF ratio to about 10~100 depending on 
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drain bias in Figs. 5.6(a) and 5.6(b). A higher n-type/p-type doping on the source/drain 

can reduce the non-tunneling current by placing Fermi level further away from CB/VB, 

but with a slight reduction in allowed peak drain voltage. 

 

Figure 5.5: IDS vs. channel potential shift for two different transition region lengths 

(about 2.1 and 4.1 nm) at different VDS in the 1QL thin film device on (a) 

logarithmic and (b) linear scales, (c) CB and VB edge profiles and (d) 

transmission probability plots of the transverse mode at ky = 0 for different 

potential shifts at VDS = 0.3V in the 1QL thin film device with the transition 

region length of about 2.1 nm. 
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Figure 5.6: IDS vs. channel potential shift for two different transition region lengths 

(about 2.1 and 4.1 nm) at different VDS in the 2QLs thin film device on (a) 

logarithmic and (b) linear scales, (c) CB and VB edge profiles and (d) the 

current distribution for the transverse mode at ky = 0 with the 0.06 eV 

channel potential shift at VDS = 0.1 V in the 2QLs thin film device with the 

transition region length of about 2.1 nm. 

The above simulations, however, were performed with an assumption of about 2.1 

and 4.1 nm for the transition lengths, as obtainable in the conventional materials. I 

performed the self-consistent simulation to estimate the transition region length in Bi2Se3 

thin film. The layout of simulated structure is illustrated in Fig. 5.7(a). An undoped 1QL 

thin film is in the middle with 1 nm and 5 nm SiO2 on top and bottom sides, respectively. 

We have the gate and drain regions on left and right, respectively. In this structure, I  
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Figure 5.7: (a) Schematic structure for the self-consistent calculation to estimate the 

transition length. (b) Converged potential profile. 

use a direct gating on the drain side. For the test, I applied 0.7 V and −0.7 V on gate and 

drain regions (which one can think of at least partly as being supplied via work function 

differences), respectively, to make the corresponding regions n-type and p-type, 

respectively. The converged potential profile is shown in Fig. 5.7(b). Even with the direct 

gating, the transition region is long (~16 nm) due to the high relative dielectric constant 

of Bi2Se3 (~100) [80]. The extremely high dielectric constant proves problematic for 

creating a rapid potential variation along the channel which is essential to achieve the 

high ON current. 

Going forward there might be two options, the use of lower dielectric constant 

TIs, such as TlBiSe2 with a dielectric constant of 25 [85] that is comparable to 

conventional high-k dielectrics such as hafnium-oxide, and an alternative TFET geometry 

where a large TI dielectric permittivity should prove advantageous. In the latter case, as 

illustrated in Fig. 5.8(a), there are two TI thin films with a conventional insulator in 

between acting as a tunnel barrier. If I apply an electric field perpendicular to the thin 

film, most of the potential is dropped in the barrier layer due to very high dielectric 

constant of the TIs, leading to an abrupt potential change between the adjacent sides of 

the two TI thin films. Figs. 5.8(b) and 5.8(c) are the surface normal band structures for a 
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system of two 1QL Bi2Se3 thin films separated by a monolayer of BN without and with 

an electric field, respectively, obtained by DFT calculations. Applying an electric field 

induces shifting of surface bands on different Bi2Se3 films. In Fig. 5.8(c) at the crossing 

points between CB of the top Bi2Se3 and the VB of the bottom Bi2Se3 layer, there exist 

anti-crossing gaps indicating the coupling between the Bi2Se3 thin films by which gated 

interlayer tunneling could occur. 

 

Figure 5.8: (a) TI thin film bilayer structure with a (more) conventional insulating layer 

in the middle. Band structures of two 1QL Bi2Se3 thin films sandwiching a 

layer of BN in between them (b) without and (c) with the electric field.  

Note within (c) that the potential is predominately dropped between the two 

Bi2Se3 layers, and that there is an anti-crossing between the CB of the top TI 

layer and the VB of bottom TI layer, indicating the inter-TI-layer coupling 

by which gated interlayer tunneling could occur. 
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5.3 TOPOLOGICAL INSULATOR BI2SE3 THIN FILM METAL-OXIDE-SEMICONDUCTOR 

FIELD-EFFECT-TRANSISTORS 

As discussed in the previous Section 5.1, a non-zero gap is induced in the metallic 

surface bands of TI as the TI thin film is reduced due to the interaction between surface 

states on opposite sides of the thin film. In Fig. 5.2 showing surface band structures for 

6QLs, 3QLs, 2QLs and 1QL Bi2Se3 thin films, the band gap reaches about 497 meV in 

the 1QL thin film. I consider only the 1QL thin film, since it has the largest band gap, 

with a value that is technologically interesting for electronics. 

For the transport calculation, I define a series of rectangular unit cells in the 

simulation region, oriented perpendicular to the transport direction x, as in TFETs 

simulations in Fig. 5.9(a). Three different symbols (○, □ and ×) are for atomic positions 

in the different atomic layers stacked in the z-direction. The TB hopping potentials from 

DFT using MLWFs are used in the transport calculations [83]. Fig. 5.9(b) shows the 

simulated device structure of a 1QL Bi2Se3 MOSFET. Semi-infinite source and drain are 

n-type doped to 1×10
13

 cm
-2

, corresponding to the Fermi-level about 50 meV above the 

CB edge. The undoped channel is gated using a 2 nm physical thickness HfO2 (dielectric 

constant κ = 25) gate insulator. I consider two different channel lengths of about 20 nm 

and 50 nm, respectively. A relative dielectric constant of 100 is used for Bi2Se3 [80]. The 

work function of undoped Bi2Se3 is assumed to be same as that of the gate for simplicity. 

Electron probability density is injected into the simulation region from the set of incident 

propagating eigenmodes of semi-infinite leads, subdivided by the TI-plane-normal (z) 

subbands, and in-plane incident and transverse wave-vectors, kx and ky, respectively, 

weighted by the Fermi distribution function of the injecting lead. I use recursive 

scattering matrices to propagate injected probability from the source (drain), through the 

channel, to the drain (source), and/or to reflect it back to the source (drain) [84]. The 
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transport calculation is performed iteratively with a Poisson solver until self-consistency 

between charge density and electrostatic potential is achieved. These simulations ignore 

the effect of various scattering mechanisms. The electron-phonon scattering on the 

surface of Bi2Se3 may place additional limits on device performance, and phonon-assisted 

band-to-band tunneling in the channel/drain junction could increase the subthreshold 

leakage current [86], [87]. 

 

Figure 5.9: (a) Top view of Bi2Se3 thin film. Three different symbols (○, □ and ×) are 

for atomic positions in different atomic layers stacked along the z-direction. 

A rectangular unit cell is denoted. (b) Device structure of Bi2Se3 MOSFET. 

The nominal device parameters are as follows: Bi2Se3 (κ = 100) thin film = 

1QL (~0.7 nm), HfO2 (κ = 25) gate oxide thickness = 2 nm, channel length 

= 20 and 50 nm, n-type doping density of source and drain = 1×10
13

 cm
-2

. 
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Simulation results for the 50 nm channel length device are shown in Fig. 5.10. 

From the transfer characteristics (IDS vs. VGS) in Fig. 5.10(a), the maximum current at VGS 

= 0.7 V is about 1.1 mA/μm. The ratio of maximum current (at VGS = 0.7 V) to minimum 

current (at VGS = −0.6 V) is more than 10
12

. The subthreshold slope is about 65 mV/dec, 

close to the ideal value of 60 mV/dec, and drain-induced barrier lowering (DIBL) is fairly 

small (~40 mV/V). Output characteristics (IDS vs. VDS) at three different values of VGS in 

Fig. 5.10(b) indicate the saturation of drain currents beyond VDS = 0.2 V. In Fig. 5.10(c), 

ION is plotted as a function of the ratio between ON current at VON and OFF current at 

VOFF (ION/IOFF) at the power supply voltage VDD = 0.5 V (VON − VOFF = VDD). At ION/IOFF 

=10
4
, ION is about 600 μA/μm. The transconductance (gm = ∂IDS/∂VGS) variation with VGS 

at VDS = 0.5 V is also plotted in Fig. 5.10(d). The transconductance monotonically 

increases along with VGS and reaches its maximum value 2.8 mS/μm around VGS = 0.65 

V. Figs. 5.11(a) and 5.11(b) show CB and VB edges profiles along the channel direction 

at VDS = 0.05 V and VDS = 0.5 V, for different VGS from −0.4 V to 0.5 V in steps of 0.1 V, 

respectively. From the band edge profiles, I can observe that the potential changes very 

slowly along the device due to the extremely high dielectric constant of Bi2Se3 (~100). 

Potential variations between the channel and source/drain occur over a long distance, 

such that there is no flat potential profile in the channel. The potential profile in the entire 

channel region is rounded, which suggests that the lateral electric field penetrates through 

the channel from drain to source. This deep penetration of lateral field into the channel is 

problematic in a short channel device, the details of which will be discussed later for a 20 

nm channel length MOSFET. However, in for this channel length, the high dielectric 

constant might be helpful to suppress gate-induced drain leakage (GIDL), one of the main 

leakage mechanisms limiting low off-state current. In Fig. 5.11(b), even if there exists an 

overlap between CB and VB in the region between the channel and drain with VGS in the 
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range from -0.1 to -0.4 V, band-to-band tunneling is negligible because of the thick 

tunnel barrier. 

 

Figure 5.10: Characteristics of 50 nm channel length 1QL Bi2Se3 MOSFET: (a) IDS vs. 

VGS curves at VDS = 0.05 V and VDS = 0.5 V on logarithmic (left axis) and 

linear scales (right axis), (b) IDS vs. VDS curves at VGS = 0.3, 0.4 and 0.5 V, 

(c) ION vs. ION/IOFF at VDS = 0.5 V and (d) transconductance (gm = ∂IDS/∂VGS) 

vs. VGS at VDS = 0.5 V. 
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Figure 5.11: CB and VB edges profiles along the 50 nm channel length Bi2Se3 MOSFET 

for VGS from −0.4 to 0.5 V in steps of 0.1 V (a) at VDS = 0.05 V and (b) VDS 

= 0.5 V. 

A 20 nm channel length device of 1QL Bi2Se3 thin film was simulated otherwise 

using the same parameters as a 50 nm channel length device. The key device 

characteristics, IDS vs. VGS and IDS vs. VDS, are shown in Figs. 5.12(a) and 5.12(b). The 

overall device performance is significantly degraded compared with the 50 nm device. 

There exists a substantial amount of current flow in the subthreshold regime. The 

minimum current at VGS = −0.6 V increases by a factor of 10
5
 and the subthreshold slope 

is about 110 mV/dec. Short channel effects also become likely intolerable in the 20 nm 

device, with severe DIBL (~330 mV/V) and threshold voltage VT roll-off (Fig. 5.12(a)). 

Poor saturation is seen in the IDS vs. VDS curves of Fig. 5.12(b). The ION/IOFF vs. ION 

characteristic at VDD = 0.5 V of Fig. 5.12(c) exhibits poor ON-OFF ratios. The achievable 

ION at ION/IOFF =10
4
 is about 260 μA/μm, lower than that of a 50 nm channel length 

device in Fig. 5.10(c). Poor subthreshold behavior and severe short channel effects can be 

explained by examining the band edge profiles shown in Figs. 5.13(a) and 5.13(b). From 

Fig. 5.13(a), the maximum of CB edge at VGS = −0.4 V along the channel direction is 

reduced to about 275 meV, as compared to about 525 meV for the 50 nm channel case 
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(Fig. 5.11(a)). The maximum of CB edge for VGS = −0.4 V is pulled down substantially 

by increasing VDS from VDS = 0.05 V (Fig. 5.13(a)) to VDS = 0.5 V (Fig. 5.13(b)), 

indicating substantial DIBL. The reason for these poor characteristics is the relatively 

slow variation of the potential along due to the extremely high dielectric constant of 

Bi2Se3 (~100), even though the TI layer itself is thin. The use of the high-k dielectric, 

intended to provide better gate control in modern devices, may also be of mixed value. 

 

Figure 5.12: Characteristics of 20 nm channel length 1QL Bi2Se3 MOSFET: (a) IDS vs. 

VGS curves at VDS = 0.05 V and VDS = 0.5 V on logarithmic (left axis) and 

linear scales (right axis), (b) IDS vs. VDS curves at VGS = 0.3, 0.4 and 0.5 V, 

(c) ION vs. ION/IOFF at VDS = 0.5 V and (d) transconductance (gm = ∂IDS/∂VGS) 

vs. VGS at VDS = 0.5 V. All are plotted over the same ranges as for the 50 nm 

device of Fig. 5.10 for better comparison. 
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Figure 5.13: CB and VB edges profiles along the 20 nm channel length Bi2Se3 MOSFET 

for VGS from −0.4 to 0.5 V in steps of 0.1 V (a) at VDS = 0.05 V and (b) VDS 

= 0.5 V. 

It is instructive to compare key characteristics of 1QL Bi2Se3 MOSFET with those 

of conventional Si MOSFETs. I compare the 1QL Bi2Se3 MOSFET with the silicon-on-

insulator (SOI) MOSFET with comparable device parameters. Ballistic quantum 

transport simulations of the SOI MOSFET are performed with the real-space effective 

mass Hamiltonian [88]. Device parameters of the simulated SOI MOSFET are taken from 

a previous experimental study [89], and are as follows: channel length = 30 nm, effective 

oxide thickness = 1.3 nm and n-type doping density of source and drain = 5×10
12

 cm
-2

. 

The same parameters are then used in the simulation of 1QL Bi2Se3 MOSFET. Fig. 5.14 

shows the comparison of key device performance parameters of the two simulated 

devices. The overall performance is better in the SOI MOSFET. As shown from transfer 

characteristics (IDS vs. VGS) in Fig. 5.14(a), the SOI MOSFET is superior to the 1QL 

Bi2Se3 MOSFET in terms of the subthreshold slope (60 mV/dec and 130 mV/dec for SOI 

and Bi2Se3 MOSFETs, respectively). For the same gate stack, a larger gate bias is 

required to induce the same potential shift in the channel. DIBL is also more severe in the 

Bi2Se3 MOSFET (130 mV/V and 180 mV/V for SOI and Bi2Se3 MOSFETs, 
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respectively). The lateral electric field reaches further in Bi2Se3 than in Si, in turn, 

lowering the channel potential more. Large subthreshold slope and DIBL result in the 

poor ON-OFF ratio in the 1QL Bi2Se3 MOSFET (Fig. 5.14(b)). For ION/IOFF =10
4
, almost 

100 times larger ON current is achievable in the SOI MOSFET. Over the save gate 

voltage range above threshold, the maximum obtainable transconductance before current 

becomes lead-limited is more than 8 mS/μm in the SOI MOSFET but only 1.2 mS/μm in 

the Bi2Se3 MOSFET. The quantum (channel density of states) capacitance in the Bi2Se3, 

which has only one occupied “subband” within its one energy valley―much like for thin-

channel III-V MOSFETs but with a higher conductivity effective mass―is substantially 

less than for multi-valley Si, while the conductivity effective mass is comparable, so that 

the transconductance should be somewhat less even absent short-channel effects. 

 



 73 

 

Figure 5.14: Comparison of characteristics of 30 nm channel length SOI MOSFET and 

1QL Bi2Se3 MOSFET (a) IDS vs. VGS curves at VDS = 0.05 V and VDS = 0.5 V 

on logarithmic (left axis) and linear scales (right axis), (b) ION vs. ION/IOFF at 

VDS = 0.5 V and (c) transconductance (gm = ∂IDS/∂VGS) vs. VGS at VDS = 0.5 

V. 

 

5.4 CONCLUSION 

I performed quantum ballistic transport simulations using a TB Hamiltonian in the 

atomic orbital basis to assess the feasibility of Bi2Se3 for TFETs and MOSFETs 

applications. Two different thickness thin films of Bi2Se3, 1QL (~0.7 nm) and 2QLs (~1.6 

nm) whose gap sizes are about 0.5 and 0.13 eV, respectively, are considered for TFETs. 

Base on ON/OFF ratio, the 1QL Bi2Se3 shows the better device performance than 2QLs 
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due to its larger band gap. However, the limited tunnel barrier thickness obtainable within 

conventional material systems and associated substantial transconductances associated 

with tunnel barrier thickness seem unlikely to survive into the TI system because of the 

electrostatics associated with the extremely large dielectric constant. Surface-normal 

tunneling in a TI bilayer structure with a middle insulating layer where the high dielectric 

constant can be turned to advantage would be more promising for TFET applications.  

A 1QL Bi2Se3 thin film with the largest band gap (~497 meV) is considered to 

explore the possibility of Bi2Se3 for an alternative channel material in MOSFETs. I first 

investigated two different channel length devices, 20 nm and 50 nm. The 1QL Bi2Se3 

MOSFET with 50 nm channel length exhibits good subthreshold device performance 

with a subthreshold slope close to 60 meV, as well as small DIBL. In the 20 nm channel 

device, however, these device characteristics for the Bi2Se3 MOSFET are downgraded 

severely. The reason for the poor performance is the very high dielectric constant of 

Bi2Se3 same as in TFETs. The large dielectric constant slows the variation of the 

potential along the device making the MOSFET more vulnerable to short channel effects. 

However, even the on-state performance of long-channel Bi2Se3 MOSFETs is limited. As 

seen the 30 nm Bi2Se3 MOSFET performs poorly in terms of transconductance as 

compared to the 30 nm Si MOSFET in a head-to-head comparison (Fig. 5.14(c)). 

Moreover, so does the 50 nm―again, ballistic―Bi2Se3 MOSFET by comparison to the 

Si MOSFET over the same approximately 0.4 V VG−Vth range before lead limited current 

flow takes over in the Bi2Se3 MOSFET, despite reduced gate capacitance for the Si 

device. 

Of course, the results here are specific to Bi2Se3 MOSFETs. Its high dielectric 

constant clearly illustrates qualitative short-channel electrostatic effects of using even 

thin films of high-k TIs. However, other TIs with smaller dielectric constants should fare 
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quantitatively better in terms of short channel effects. TlBiSe2, for example, has an at 

least smaller dielectric constant of 25 [85]. That said (as I also obtained from DFT 

calculations as described above) TlBiSe2, itself, has both a higher conductivity effective 

mass (~0.7), suggesting poorer on-state performance devices, and a smaller band gap 

(~300 meV), suggesting the possibility of increased off-state leakage, than Bi2Se3 for 

comparable (~1.0 nm) thicknesses [90]. Still, there may be better TI candidates with a 

better combination of properties. On the other hand, this work suggests that Bi2Se3 

MOSFET, and likely other TI-based MOSFETs, could still provide reasonable 

performance, even if not state-of-the art silicon-MOSFET-like. That performance 

combined with the novel properties of TI such as spin-polarized surface states perhaps 

could provide novel opportunities that Si or other conventional semiconductors cannot. 
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Chapter 6: Quantum Transport in Monolayer Transition 

Metal Dichalcogenide Metal-Oxide-Semiconductor Field-

Effect-Transistors 

 

6.1 INTRODUCTION 

Two-dimensional (2-D) layered materials have attracted a great deal of attention 

among the scientific community since the discovery of graphene [1]. Recently, transition 

metal dichalcogenides (TMDs) belonging to the family of 2-D layered materials have 

been intensively studied as promising candidates for future nanoelectronics applications. 

TMDs with a chemical formula MX2, where M is a transition metal atom and X is one of 

the chalcogens such as S, Se and Te, are constructed by the stack of multiple X-M-X 

layers. One X-M-X layer (monolayer MX2) consists of an M atom layer sandwiched 

between two X atom layers. The M-X bonding is strong covalent, but the X-M-X layers 

are coupled only by weak van der Waals forces [42], [43]. Due to their atomic scale 

thickness, the monolayer MX2 offer a high degree of electrostatic control, which makes 

them promising material for low power switching. Recently, an n-channel metal-oxide-

semiconductor field-effect-transistors (n-MOSFETs) with the monolayer MoS2 was 

reported with high mobility, high ON-OFF current ratio and ultralow standby power 

dissipation [44]. Integrated circuit based on bilayer [47] and monolayer MoS2 [48] has 

shown the capability of MoS2 for the digital logic applications as well. A high 

performance p-channel MOSFETs (p-MOSFETs) using monolayer WSe2 was also 

demonstrated experimentally [49]. A theoretical paper based on the effective mass 

Hamiltonian has supported the strength of monolayer MoS2 transistor [91]. Another 

theoretical study based on the analytical ballistic MOSFET model has presented the 

performance limits of monolayer MX2 MOSFETs [92]. To explore the limits of device 
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performance further, I use full-band atomistic tight-binding (TB) based non-equilibrium 

Green’s function (NEGF) simulations with TB potentials obtained from density 

functional theory (DFT). Among our findings is a region of possible negative differential 

resistance (NDR) associated with full-band effects not addressable within the effective 

mass approximation. 

 

6.2 PERFORMANCE LIMITS OF MONOLAYER MOS2 N-CHANNEL METAL-OXIDE 

SEMICONDUCTOR FIELD-EFFECT-TRANSISTORS 

Here, I access the performance limit of monolayer MoS2 n-MOSFETs which has 

been investigated extensively to date. The crystal structure of monolayer MoS2 is shown 

in Fig. 6.1. One Mo atomic layer is sandwiched by two hexagonal S atomic layers as seen 

in Fig. 6.1(a). The primitive unit cell of monolayer MoS2 is hexagonal as shown in the 

top view of monolayer MoS2 Fig. 6.1(b). DFT calculations were performed to obtain the 

band structure, using the OPENMX code [62] and the linear combination of 

pseudoatomic orbital (PAO) method. The local density approximation (LDA) was used 

for the exchange-correlation potential [93]. I employed the experimental lattice 

parameters (shown in Fig. 6.1) [94] to construct the monolayer MoS2 structure in these 

calculations. Fig. 6.1(c) is the band structure along the high symmetry point K-Γ-M in the 

hexagonal Brillouin zone. As with the previous studies [95]–[99], I find the conduction 

band (CB) minimum and the valence band (VB) maximum at K, indicating a direct band 

gap. The calculated band gap of 1.8 eV is quite close to the experimentally measured 

value [42] and the effective mass is about 0.55 times the electron free-space rest mass. 

Since these DFT calculations with the experimental lattice constants well produce the 

band gap of monolayer MoS2, I use this approach for all further calculations. 
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Figure 6.1: (a) Crystal structure of monolayer MoS2 showing two S layers separated by 

one Mo layer, (b) Top view of monolayer MoS2 showing the hexagonal 

structure and a primitive unit cell, and (c) DFT obtained band structure of 

monolayer MoS2 shown along high symmetry directions in the hexagonal 

Brillouin Zone (BZ). 

For the transport calculation, I define a series of rectangular unit cells in the 

simulation region oriented perpendicular to the transport direction x, as shown Fig. 6.2(a) 

in the top view of monolayer MoS2. TB hopping potentials used in the transport 

calculations are extracted from DFT using maximally localized Wannier functions 

(MLWFs) [83] that well reproduce the original band structure in Fig. 6.3(a). The 

simulated device structure of monolayer MoS2 n-MOSFETs is illustrated in Fig. 6.2(b). 

Semi-infinite source and drain are n-type doped to 7×10
13

 cm
-2

 corresponding to the 

Fermi level about 50 meV above the CB edge. The undoped channel is gated through the 

2.8 nm HfO2 (κ = 25). Monolayer MoS2 is placed on the top of 50 nm thickness SiO2. I 

consider three different channel lengths of about 5, 10 and 15 nm. A dielectric constant of 

3.3 is used for MoS2 [91]. The work function of the gate is assumed to be the same as that 

of undoped MoS2 for simplicity, which only affects the threshold voltage. I inject from 
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transverse eigenmodes via source terms in the source (drain). Numerically, recursive 

scattering matrices are used to obtain the associated Green’s function throughout the 

simulation region [84]. The total current is calculated by integrating the transmission 

probabilities over energy with the Fermi function weight. The transport calculation is 

performed iteratively together with the Poisson’s solver until self-consistency between 

charge density and electrostatic potential is achieved. 

 

Figure 6.2: (a) Top view of monolayer MoS2. A rectangular unit cell is denoted. (b) 

Device structure of monolayer MoS2 n-MOSFETs. The nominal device 

parameters are as follows: HfO2 (κ = 25) gate oxide thickness = 2.8 nm, 

channel length = 5, 10 and 15 nm, n-type doping density of source and drain 

= 7×10
13

 cm
-2

, and SiO2 oxide thickness = 50 nm. 
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Figure 6.3: Band structures of monolayer MoS2 (a) from DFT and TB Hamiltonian in 

the hexagonal Brillouin Zone (BZ) and (b) from the TB Hamiltonian at two 

different transverse modes (ky = 0 and π/ay) in the rectangular BZ. 

Simulation results of the 15 nm channel length device are shown in Fig. 6.4. From 

the transfer characteristics, IDS vs. VGS−VT, in the log scale plot of Fig. 6.4(a), the ideal 

subthreshold slope value 60 mV/decade is obtained. Drain-induced barrier lowering 

(DIBL) is also fairly small (~50 mV/V) due to the excellent electrostatic integrity 

inherent in a 2-D system. Gate-induced drain leakage (GIDL) due to channel to drain 

band-to-band tunneling, a potentially significant component of OFF-state leakage current 

in materials such as Si and common III-Vs, is not possible within the voltage ranges 

considered here due to the large 1.8 eV band gap. Band edge profiles along the device in 

Fig. 6.5 also serve to illustrate the efficient gate control of monolayer MoS2 n-MOSFETs 

over the channel. Change in the maxima of the CB edge in the channel closely follows 

−qVGS below threshold, producing the nearly ideal subthreshold slope noted above. 

Moreover, the small DIBL is evident as the maximum potential barrier height from 

source to drain is barely affected by the drain bias. 

As alluded to in the introduction, a behavior not generally seen in MOSFETs, 

NDR, is exhibited at all above-threshold gate voltages in the linear scale plots of Fig.  
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Figure 6.4: Characteristics of 15 nm channel length monolayer MoS2 n-MOSFETs: (a) 

IDS vs. VGS−VT curves at VDS = 0.05 and 0.5 V on log scale, and VDS = 0.05, 

0.2, 0.3, 0.4, and 0.5 V on linear scale, (b) IDS vs. VDS curves at VGS−VT = 

0.4, 0.6, 0.8 and 1.0 V; dots correspond to VDS in (a), (c) ION vs. ION/IOFF at 

VON − VOFF = VDS = 0.3, 0.4 and 0.5 V, and (d) drive current distribution in 

energy for VDS = 0.2, 0.3, 0.4 and 0.5 at VGS−VT = 0.8 V. 

6.4(a) which shows IDS vs. VGS−VT transfer characteristics for VDS = 0.2, 0.3, 0.4 and 0.5 

V, and in Fig. 6.4(b) which shows IDS vs. VDS characteristics for VGS−VT = 0.4, 0.6, 0.8 

and 1.0 V. The latter figure shows IDS peaking between about 0.2V VDS for VGS−VT =1.0 

V, to just over 0.3V for VGS−VT = 0.4 V. The NDR is also exhibited from yet another 

perspective in Fig. 6.4(d), which shows current distributions in energy at VDS = 0.2, 0.3, 

0.4 and 0.5 V with VGS−VT = 0.8 V. Each color corresponds to the point of the same color  
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Figure 6.5: CB and VB edges profiles along the device for VGS−VT from −1.6 to 0.4 V 

in steps of 0.4 V at (a) VDS = 0.05 V and (b) VDS = 0.5 V. 

in Figs. 6.4(a) and 6.4(b). All current densities reaches their peak near the energy level of 

0 eV which, here corresponds to the top of the potential barrier from the source to drain 

is, and the peak value is reduced with increases in increase of VDS. Fig. 6.4(c) is the plot 

of ION as a function of the ratio between ON current at VON and OFF current at VOFF 

(ION/IOFF) at the power supply voltage VDD = 0.3, 0.4 and 0.5 V (VON − VOFF = VDD). Due 

to NDR, a quite similar level of ION is achievable for all VDD at ION/IOFF =10
4
. Below 

ION/IOFF = 10
4
, VDD = 0.3 V yields more ION for a given ION/IOFF. 

To illustrate the source of NDR, I show the total transmission probabilities as a 

function of energy along with the band structures in the source and drain leads, for 

transverse crystal momentum ky = 0 and VDS = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5 V in Figs. 

6.6(a)-(f), respectively, for the 15 nm channel length device. For this purpose only, to 

isolate the full band structure effects, I used a piecewise linear potential approximation 

for the source, channel and drain, as shown in the inset of Fig. 6.6(a) as a function of the 

drain bias. The transmission probabilities as shown to the left of each figure are over not 

only all energy degenerate outgoing states in the drain but also all incident states in the 
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source, so that it may exceed unity. However, in each CB plots, I focus on the right-

propagating modes of source and drain at Fermi level, since the current flow in the ON 

state primarily occurs near the Fermi level which was taken as the zero energy reference, 

as indicated by the filled and open circles and squares. With the CB plots, except that of 

Fig. 6.6(a), the partial transmission probabilities between each combination of source-

side incoming state and drain-side outgoing state are also denoted. With a VDS of either 

0.0 V and 0.1 V, Figs. 6.6(a) and 6.6(b), respectively, there are four incoming states in 

the source and four outgoing states including spin degeneracy in the drain at E = 0 eV, 

and each incident state in the source can propagate almost perfectly to the nearby-in-k-

space outgoing state of the same spin in the drain. Therefore, the total transmission 

probability is nearly 4 in both cases. For VDS = 0.2 V, Fig. 6.6(c), four additional 

outgoing states appear in the drain within a second higher lying conduction band, but 

there is little transmission probability to these states, and the total transmission 

probability remains approximately 4. However, for VDS = 0.3 V, Fig. 6.6(d), only two 

outgoing states remain in the lowest conduction band and only two in the second 

conduction band along ky = 0. However, there is also now some significant band-to-band 

transport. As a result, the total transmission probability drops back to just over 2.5 at 0 

eV. By time VDS reaches 0.4 V, Fig. 6.6(e), the first conduction band drops entirely below 

0 eV along ky = 0. Only interband transport is now possible and the total transmission 

probability drops below unity at 0 eV including the contributions from all four incoming 

states in the source. As VDS increases to 0.5 V, Fig. 6.6(f), the total transmission 

probability increase again, at least somewhat, as the band-to-band transport becomes 

slightly easier. Of course, the IDS-VDS behavior will be smoothed by integration over 

energy and ky as for the results of Fig. 6.4. Scattering, however, would reduce the NDR 

by reducing IDS at low VDS and creating pathways for both intra-band and additional inter- 
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Figure 6.6: Transmission probabilities between source and drain modes for drain biases 

of (a) VDS = 0.0 V, (b) VDS = 0.1 V, (c) VDS = 0.2 V, (d) VDS = 0.3 V, (e) VDS 

= 0.4 V and (f) VDS = 0.5, respectively, obtained using the piecewise 

constant potentials shown in the inset on the RHS of Fig. 6.6(a). The LHSs 

show the sum over all transmission probabilities for ky = 0, as a function of 

energy. The symbols on the source and drain band structures―differing 

only in band-edge energy―on the RHSs graphically show those incoming 

and outgoing modes at the source Fermi level and ky = 0; the text below 

indicates the corresponding intra- and inter-mode transmission probabilities 

between available modes of the same spin, except in (a) where the solution 

is trivial. 

band transport at higher VDS. However, to the extent current saturation is otherwise 

expected, limited NDR could remain as a signature of quasi-ballistic transport in nano-

scale MoS2 MOSFETs. 

The scaling limit of these single-gate monolayer MoS2 MOSFETs is explored by 

simulating 5 and 10 nm channel length devices with the same parameters of 15 nm 

channel length device, as shown in Fig. 6.7. The transfer characteristic at VDS = 0.05 and 

0.5 V for the 10 nm device, Fig. 6.7(a), reveal an increasing but still fairly small 
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subthreshold slope (~77 mV/decade) and increasing DIBL (~155 mV/V). However, the 5 

nm device characteristics are substantially degraded. The subthreshold slope is 

approximately 155 mV/decade. Moreover, although not a significant contributor to 

current yet, notable source-to-drain tunneling current through the channel barrier is 

evident in Fig. 6.7(b), and threshold voltage roll-off seen in Fig. 6.7(a) is severe. The 

severe short channel effects can be illustrated further in the band edge profiles shown in 

Fig. 6.7(b) which exhibit substantially weakened gate control of the channel barrier top 

and DIBL of approximately ~545 mV/V. 

In summary, I used atomistic full-band NEGF simulations with TB potentials 

obtained from DFT, to investigate the characteristics of monolayer MoS2 n-MOSFETs. 

Simulations were performed for three different channel length devices, 5, 10 and 15 nm.  

The 15 nm channel length device exhibits an almost ideal subthreshold slope, reasonable 

transconductance, small DIBL, and suppression of GIDL. With decreasing channel 

lengths, short channel effects become significant in these single gate devices. The 

simulated 10 nm channel length device begins to show short-channel effect but still 

exhibits decent subthreshold characteristics with the subthreshold slope of 77 mV/decade 

and acceptable DIBL. However, the 5 nm channel device exhibits poor subthreshold 

behavior, large DIBL, and although not substantial yet, notable source to drain tunneling 

current through the channel barrier is evident. Additionally, through the consideration of 

the full-band structure, our simulations suggest possible NDR in the IDS vs. VDS 

characteristic in nano-scale devices to the extent saturation otherwise would be expected 

and transport is quasi-ballistic.  
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Figure 6.7: Characteristics of (a) 5 and 10 nm channel length monolayer MoS2 n-

MOSFETs. IDS vs. VGS−VT curves at VDS = 0.05 V and VDS = 0.5 V on 

logarithmic (left axis) and linear scales (right axis) over the same range as 

for the 15 nm device of Fig. 6.4(a). Threshold reference value of threshold 

voltage for these figures is held constant with variation in VDS to exhibit the 

threshold voltage role off with VDS and (b) CB and VB edges profiles along 

the device for VGS−VT from −1.6 to 0.4 V in steps of 0.4 V at VDS = 0.5 V 

for the 5 nm channel length device and subthreshold current distribution in 

energy for VDS = 0.5 V at VGS−VT = −0.8 V. 
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6.3 PERFORMANCE COMPARISON OF MONOLAYER TRANSITION METAL 

DICHALCOGENIDE MX2 (M = MO, W; X = S, SE, TE) METAL-OXIDE-SEMICONDUCTOR 

FIELD-EFFECT-TRANSISTORS 

TMDs with the structural formula MX2 (M: transition metal, X: chalcogen) share 

the same crystal structure, stacks of hexagonally arranged X-M-X monolayers, bonded 

primarily by van der Walls coupling between monolayers, allowing monolayers to be 

exfoliated from bulk much like graphene from graphite. Monolayer MX2 (M = Mo, W; X 

= S, Se, Te) exhibit a direct band gap at the K point (corner of the hexagonal 2-D 

Brillouin zone), but with different gap sizes and different electron and hole effective 

masses. In this study, I investigate the transport properties of various monolayer MX2 (M 

= Mo, W; X = S, Se, Te) n- and p- MOSFETs. 

The primitive unit cells of all monolayer MX2, considered here, are hexagonal as 

noted above but with variation in the lattice parameters shown in Figs. 6.8(a) and 6.8(b). 

Since it has been suggested that the experimental lattice parameters well produce the 

band gap of monolayer MX2 [92], [97], [99], I construct the lattice structure of monolayer 

MX2 by using those listed in Table 6.1 [100], [101]. Band structures are calculated by 

DFT using same simulation tool and conditions in the previous Section 6.2. The band 

structures of monolayer MX2 along the high symmetry point K-Γ-M in the hexagonal 

Brillouin zone are in Fig. 6.9. For all monolayer MX2 considered in this work, the direct 

band gap minimum occurs at K as predicted by previous studies [95]–[99]. The band gap 

size of each monolayer MX2 agrees well with the other calculations [95]–[99] and 

available experimental values [42]. Estimated effective masses around the conduction 

band (CB) minimum and the valence band (VB) maximum in the direction Г–K for each 

monolayer MX2 are summarized in Table 6.1. Effective masses of both electrons and 

holes tend to increase as an X atom gets heavier with a same M atom. With the same X 

atom, both electron and hole effective masses of WX2 are lighter than those of MoX2. I 
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note that spin-orbit coupling induces breaking of spin degeneracy in the VB around K 

which such that the otherwise equivalent K points have opposite spins at the same 

energy, and within the same valley there is an ~100 meV band-edge splitting between 

spins in MoS2 [102]. However, I use spin degenerate band structures for our transport 

calculation similarly with the previous work [92], [103] which should produce limited 

error for the purposes considered here. 

The simulated device structure of monolayer MX2 MOSFETs is illustrated in Fig. 

6.8(c). I consider 15 nm channel length n- and p-MOSFETs, respectively. The undoped 

monolayer MX2 rests on top of a 50 nm thick SiO2 substrate and is gated through 2.8 nm 

thick HfO2 (dielectric constant κ = 25) gate insulator. The source and drain are n-type and 

p-type for n-MOSFETs and p-MOSFETs, respectively, doped to a carrier concentration 

of 7×10
13

 cm
-2

. A relative dielectric constant of each monolayer MX2 used in the work is 

listed in Table 6.1 [96]. For the transport, monolayer MX2 is divided into a series of 

rectangular unit cells marked with a green rectangular in Fig. 6.8 (b). The TB 

Hamiltonian is obtained in manner describe previously in Section 6.3. I inject from the 

eigenmodes of the semi-infinite source and drain, and use recursive scattering matrices to 

propagate injected carrier wavefunctions through the device from the source (drain) to the 

drain (source) [84]. Current is calculated by integrating transmission coefficients over 

energy with a Fermi function weight. As before, transport calculations are performed 

together with a Poisson solver until self-consistency between the charge density and 

electrostatic potential is obtained. 
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MX2 
Lattice Constant Band 

Gap 

[eV] 

Effective Mass 
Dielectric 

Constant a [Å] c [Å] electron (me*/me) hole (mh*/me) 

MoS2 3.160 3.172 1.81 0.56 0.64 4.8 

MoSe2 3.299 3.352 1.51 0.62 0.72 6.9 

MoTe2 3.522 3.630 1.10 0.64 0.78 8.0 

WS2 3.155 3.160 1.93 0.33 0.43 4.4 

WSe2 3.286 3.376 1.62 0.35 0.46 4.5 

Table 6.1: Lattice constant, band gap, effective mass and dielectric constant of 

monolayer MX2. 

 

Figure 6.8: (a) Side and (b) top views of monolayer TMDs. Hexagonal (magenta) and 

rectangular (green) unit cells are shown. (c) Device structure of monolayer 

TMD MOSFETs. The nominal device parameters are as follows: HfO2 (κ = 

25) gate oxide thickness = 2.8 nm, channel length = 15 nm, n-type and p-

type doping density of source and drain = 7×10
13

 cm
-2

 for n-MOSFETs and 

p-MOSFETs, respectively, and SiO2 oxide thickness = 50 nm. 
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Figure 6.9: Band structures of monolayer (a) MoS2, (b) MoSe2, (c) MoTe2, (d) WS2, and 

(e) WSe2 calculated from DFT along the high symmetric points in the 

hexagonal Brillouin Zone (BZ). A direct band gap at K is denoted for each 

monolayer TMD. 

Simulation results of monolayer MX2 n-MOSFETs are presented in Figs. 6.10 and 

6.11. For all MX2 monolayers considered here, good subthreshold behaviors and small 

short-channel effects are observed from the transfer characteristics, IDS vs. VGS–VT, in 

Fig. 6.10. The subthreshold slope and drain-induced barrier lowering (DIBL) estimates 

for each monolayer MX2 are provided in Table 6.2. Among the monolayer MoX2 (MoS2, 

MoSe2, MoTe2) n-MOSFETs, MoS2 shows the smallest subthreshold slope (~70 mV/dec) 

and DIBL (~60 mV/V). With a heavier X (Se, Te) atom form MoSe2 and MoTe2, both 

subthreshold slope and DIBL increase, but remain relatively small. This slight 

degradation can be explained by the larger dielectric constant of MoSe2 and MoTe2 as 

compared to that of MoS2. With a higher dielectric constant, the lateral electric field from 

drain becomes more influential on the channel, leading to the increase of subthreshold 
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slope and DIBL. However, with only a monolayer of TMD, the dielectric environment is 

dominated by the substrate and gate material, mitigating the detrimental effects of 

increasing TMD dielectric constant. The subthreshold slope and DIBL for two different 

monolayer WX2 (WS2, WSe2) n-MOSFETs are alike due to the similarity in the dielectric 

constant and the effective mass as seen in Table 6.1. All WX2 n-MOSFETs result in a 

somewhat better subthreshold slope and DIBL compared with MoSe2 and MoTe2 n-

MOSFETs mainly due to the smaller dielectric constant. The subthreshold slope and 

DIBL of monolayer WS2, WSe2, and MoS2 n-MOSFETs are found to be very close. For 

all monolayer MX2 except the monolayer MoTe2, gate-induced drain leakage (GIDL), a 

potentially significant component of OFF-state leakage current in materials such as Si 

and common III-Vs, is not possible within the voltage ranges considered here due to their 

large band gap. For the monolayer MoTe2, however, the subthreshold currents starts to 

increase below VGS–VT ≈ −0.8 V. Because of its relatively smaller band gap (~1.1 eV) in 

Fig. 6.9(c), there exists an overlap between CB and VB in the region between the channel 

and drain with the low VGS–VT, which opens the possibility of allowed channel-to-drain 

band-to-band tunneling. GIDL is estimated by calculating the tunneling current in the 

converged potential profile from Poisson solver. 

 

MX2 Subtreshold Slope [mV/dec] DIBL [mV/V] 

MoS2 ~70 ~60 

MoSe2 ~75 ~95 

MoTe2 ~80 ~110 

WS2 ~70 ~60 

WSe2 ~70 ~60 

Table 6.2: Subthreshold slope and DIBL for monolayer MX2 n-MOSFETs. 
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The linear scale plots of IDS vs. VGS–VT in Figs. 6.10 exhibit significantly better 

transconductance at VDS = 0.5 V for the WX2 TMDs as compared to the MoX2 TMDs in 

these ballistic simulations. Moreover, the MoX2 TMDs show limited improvement in 

tansconductance from VDS = 0.05 V to VDS = 0.5 V unlike the WX2 TMDs. The reason for 

this difference becomes clear from 6.11, where it is seen that the MoX2 TMD devices 

exhibit substantial NDR, as previously discussed for MoS2 while the WX2 TMD devices 

exhibit some but much less NDR. Indeed, up to about VDS = 0.2 V, all devices show 

much the same transconductance except for perhaps MoS2 with has a slightly lower VDS 

transconductance. 

 

Figure 6.10: IDS vs. VGS−VT curves of 15 nm channel length monolayer (a), (b) MoS2, (c), 

(d) MoSe2, (e), (f) MoTe2, (g), (h) WS2, and (i), (j) WSe2 n-MOSFETs at 

VDS = 0.05 and 0.5 V. 
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Figure 6.11: (a) IDS vs. VDS curves of 15 nm channel length monolayer MoSe2 at VGS−VT 

= 0.2, 0.4, 0.6, and 0.8 V. (b) Comparison of IDS vs. VDS curves of 15 nm 

channel length monolayer MX2 at VGS−VT = 0.8. 

As seen in Fig. 6.11(b), all monolayer MX2 n-MOSFETs exhibit NDR behaviors, 

but with different starting points of NDR. The starting VDS of NDR can be correlated with 

the band structure of each monolayer MX2. Fig. 6.12 shows CBs of monolayer MX2 at a 

transverse mode ky = 0. In each figure, the boundary energy level at which the number of 

propagating modes is reduced significantly is marked with dashed (light blue) and solid 

(magenta) lines. For MoSe2 (Fig. 6.12(b)), as explained previously, the number of 

outgoing modes in the drain is reduced to one with VDS more than about 0.4 V since the 

dashed line is less than 0.4 eV above Fermi level. Similar situations happen in MoS2 and 
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MoTe2, but with a higher and lower VDS, respectively, than that in MoSe2. As indicated 

by dashed lines, the edge where the number of propagating modes is reduced to one 

becomes closer to the Fermi level as the X atom gets heavier in MoX2, which agrees with 

the move of NDR peaks in Fig. 6.11(b).  In WX2,  the dashed line is far above the 

Fermi level compared with those in MX2, which explains the larger VDS of starting NDR 

in WX2 than in MX2 (Fig. 6.11(b)). However, before the number of propagating modes 

decreases to one, it is reduced from four to two at the energy level denoted with the solid 

lines (magenta). For WS2, the solid line is about 0.5 eV above the Fermi level, leading to 

the start of NDR between 0.4 and 0.5 V. Since this point is about 0.4 eV away from the 

Fermi level in WSe2, NDR comes up with a smaller VDS in Fig. 6.11(b). 

Figs. 6.13 and 6.14 provide the transfer and output characteristics, respectively, of 

monolayer MX2 p-MOSFETs. In Fig. 6.13, subthreshold slopes close to the thermal limit 

(60 mV/dec) and fairly small DIBL are obtained in all monolayer MX2 devices, which 

can be attributed to their 2-D nature. Table 6.3 summarizes the subthreshold slope and 

DIBL for each monolayer MX2. Similarly for n-MOSFETs, MoS2 hold the best 

subthreshold behavior characterized by smallest subthreshold slope (~70 mV/dec) and 

DIBL (~45 mV/V). In MoSe2 and MoTe2, subthreshold characteristics are slightly 

degraded by the increase of subthreshold slope (~75 mV/dec) and DIBL (~85 mV/V) due 

to their large dielectric constant compared with MoS2, but still fairly decent. WSe2 also 

exhibit the low subthreshold slope similar to MoS2, but a little increased DIBL (~60 

mV/V). Unusual subthreshold behavior is observed for WS2 in Fig. 6.13(g). The 

subthreshold slope goes down below the ideal value of 60 mV/V in a small range around 

VGS−VT = 0.5 V at VDS = −0.5 V, which is caused by the same mechanisms as discussed 

above for NDR. Fig. 6.15(d) shows the VB of WS2 at a transverse mode ky = 0, which has 

little gap within VB. If this band gap region in the drain is placed around the barrier top 
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from source to drain, drain is devoid of available states where injected modes from 

source can go. Around VGS−VT = 0.5 V, the barrier top is within the region of band gap in 

the drain, yielding the significant current drop shown in Fig. 6.13(g). As for the n-

MOSFETs, only monolayer MoTe2 p-MOSFETs shows GIDL. Subthreshold currents 

starts to increase above VGS–VT ≈ 0.8 V, due to its relatively smaller band gap (~1.1 eV). 

 

Figure 6.12: Comparison of monolayer MX2 CBs for a transverse mode ky = 0. Fermi 

level is placed to dope each monolayer MX2 to n-type with doping density = 

7×10
13

 cm
-2

. 

MX2 Subtreshold Slope [mV/dec] DIBL [mV/V] 

MoS2 ~70 ~45 

MoSe2 ~75 ~85 

MoTe2 ~75 ~85 

WS2 ~70 NA 

WSe2 ~70 ~60 

Table 6.3: Subthreshold slope and DIBL for monolayer MX2 p-MOSFETs. 
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Figure 6.13: IDS vs. VGS−VT curves of 15 nm channel length monolayer (a), (b) MoS2, (c), 

(d) MoSe2, (e), (f) MoTe2, (g), (h) WS2, and (i), (j) WSe2 p-MOSFETs at 

VDS = −0.05 and −0.5 V. 
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Figure 6.14: (a) IDS vs. VDS curves of 15 nm channel length monolayer MoSe2 at VGS−VT 

= −0.2, −0.4, −0.6, and −0.8 V. (b) Comparison of IDS vs. VDS curves of 15 

nm channel length monolayer MX2 at VGS−VT = −0.8. 

Linear scale plots of IDS vs. VGS–VT in Figs. 6.13(b) and 6.13(f), hint of NDR in 

monolayer MoS2 and MoTe2 p-MOSFETs. Output characteristics shown in Fig. 6.14(b) 

confirm the strong NDR in MoS2 and MoTe2. WS2 also exhibits substantial NDR below 

VDS ≈ −0.4V while a little NDR is in MoSe2 and WSe2. This NDR is also related with the 

number of density of states available in the drain. Fig. 6.15 compares VBs of monolayer 

MX2 for a transverse mode ky = 0 in the source where each monolayer is p-typed doped to 

7×10
13

 cm
-2

. The energy where the number of right-propagating modes is reduced, as is 

marked with a dashed line. In Fig. 6.15(c) for MoTe2, the dashed line is the closes to the 
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Fermi level among all monolayer MX2 considered here, which leads to the smallest VDS 

to show NDR. The dashed line in MoS2 is the next closest to the Fermi level. Therefore 

the VDS for the peak current is shifted to the left in Fig. 6.14(b). For MoSe2 and WSe2 

(Figs. 6.14(b) and 6.14(e)), dashed lines are more than 0.5 eV away from the Fermi level. 

So, NDR is not observed in the simulated range of VDS (VDS = −0.5~0.0V) in Fig. 6.14(b). 

In WS2, the number of right-propagating modes decreases below about −0.6 V, but this 

can effectively reduce the current at VDS = −0.5 in Fig. 6.14(b). 

Again, these calculations are in the ballistic limit; it’s possible that at high drain 

biases scattering could allow intraband transport by dissipating energy in the channel, and 

additional interband transport via interband scattering, increasing the current and 

reducing or possibly eliminating the NDR. In this way, the difference transconductance 

among materials at higher VDS may also be reduced substantially by scattering. However, 

to the extent DIBL is limited and saturation is otherwise expected, limited NDR may 

remain as a signature of quasi-ballistic transport in nano-scale MX2 MOSFETs. 

In summary, I used atomistic full-band NEGF simulations with TB potentials 

obtained from DFT, to investigate the device performances of single gate monolayer 

MX2 (M = Mo, W; X = S, Se, Te) MOSFETs. The 15 nm channel length device exhibited 

 

Figure 6.15: Comparison of monolayer MX2 VBs for a transverse mode ky = 0. Fermi 

level is placed to dope each monolayer MX2 to p-type with doping density = 

7×10
13

 cm
-2

. 
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good subthreshold slopes close to the ideal value 60 mV/decade as well as quite small 

DIBL due to the electrostatic control afforded by the 2-D nature of monolayer MX2. 

Moreover, the large band gap characteristic of monolayer MX2 TMDs except MoTe2 is 

helpful for suppressing GIDL. These full band ballistic NEGF simulations also exhibit 

substantial NDR in the IDS vs. VDS output characteristics. The source of this NDR is 

consistent with the number of available states in the drain within the first conduction or 

valence band within the range of the injected carrier energies. However, scattering could 

moderate or eliminate the NDR in principle, so these simulations should be taken as only 

suggesting the possibility of NDR. 

 

6.4 CONCLUSION 

Full band ballistic simulations with atomic orbital basis TB Hamiltonian within 

the NEGF formalism are performed to examine the device characteristics of various 

monolayer MX2 (M = Mo, W; X = S, Se, Te) MOSFETs. Performance limit is assessed 

by simulating different channel length (5, 10, and 15 nm) monolayer MoS2 n-MOSFETs. 

Almost ideal characteristics such as subthreshold slope close to 60 mV/decade, quite 

small DIBL and no GIDL can be obtained in the 15 nm channel length monolayer MoS2 

n-MOSFET. The 10 nm channel length device exhibits fairly good performances with a 

little degradation in the subthreshold characteristics. However, in the 5 nm channel 

length, significant amount of direct tunneling from source to drain is expected. 

Simulations of 15 nm channel length n- and p-MOSFETs from various monolayer MX2 

(M = Mo, W; X = S, Se, Te) show good subthreshold characteristics for all. WX2 tend to 

present better output characteristics than MoX2 at higher drain voltages due to the later 

onset of NDR. For the fix M in MX2, as the atomic number of X increases, both 
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subthreshold slope and DIBL increases because of the larger dielectric constant that 

enhances the effect of drain on the channel. However, with only a monolayer of TMD, 

the effect is more limited than might otherwise be expected. Full band ballistic treatment 

reveals at least possible NDR in quasi-ballistic nanoscale monolayer MX2 MOSFETs. 

The source of NDR is related to a reduction in available states in the lowest conduction 

(valence) band in the drain in n-channel (p-channel) devices. All monolayer MX2 n-

MOSFETs exhibit NDR in IDS vs. VDS plots with detailed behavior that can be explained 

by the band structure. In some monolayer MX2 p-MOSFETs the resulting output 

characteristics are more varied in the simulated range of VDS. 
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Chapter 7: Effects of Adatom on Monolayer Transition Metal 

Dichalcogenide 

 

7.1 INTRODUCTION 

Transition metal dichalcogenide (TMD)-based field-effect-transistors (FETs) have 

been widely researched because of their potential for ultra low power switching devices. 

N- and p-channel field-effect-transistors (FETs) based on monolayer [44], [49] or 

multilayer [45], [46] TMDs have realized with excellent subthreshold characteristics, 

suggesting the possibility of realizing complementary metal-oxide-semiconductor 

(CMOS). Moreover the integrated circuit using monolayer [48] or bilayer [47] TMDs 

have demonstrated the capability of TMDs for the digital logic applications. To utilize the 

full potential of TMD for the FET applications, the issue charge doping in 2-D system is 

particularly important. Doping by generating vacancies or filling those with impurity 

atoms in the monolayer MoS2 is reported [104]. Chemical doping which is unique to the 

low dimensional material proves to be effective to enhanced the conductance in the 

monolayer WSe2 p-FETs [49]. In this chapter, I examine the adsoprtion of adatoms for 

doping monolayer MoS2 by means of density functional theory (DFT) calculations. We 

discuss the most stable configurations of each adatom on the top of monolayer MoS2, the 

bonding type between adatom and Mo or S, and the amount of charge transfer from the 

adatom to monolayer MoS2 with the help of band structure, density of states (DOS), and 

charge density distributions. 
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7.2 CRYSTAL STRUCTURES AND COMPUTATIONAL APPROACH 

The DFT calculations are performed using projector-augmented wave method 

with a plane-wave basis set as implemented in the Vienna ab initio simulation package 

(VASP) code [55]. The generalized gradient approximation (GGA) is applied for the 

exchange-correlation potential [57]. I choose kinetic energy cutoff of 400 eV and k-mesh 

size of 7×7×1 for the 1st Brillouin Zone (BZ) sampling for all calculations. 

The crystal structure of monolayer MoS2 consists of hexagonally arranged atomic 

sheets of Mo and S to form the S–Mo–S sandwich in the hexagonal primitive unit cell. I 

employ the experimental in-plane lattice parameter a = 0.316 nm (shown in Fig. 7.1(a)) 

[94] to construct the monolayer MoS2 structure in these calculations. The adatom-

monolayer MoS2 system is modeled using one adatom in the 3×3 monolayer MoS2 

supercell illustrated in Fig. 7.1(a). The in-plane lattice constant of the supercell is 9.48 Å 

(= 3×a), which is, therefore, also the distance between neighboring adatoms. A vacuum 

region of 20 Å place around the monolayer MoS2 to avoid the layer-to-layer interactions 

in z-direction. 

For the reference, first the band structure of 3×3 monolayer MoS2 supercell 

without the adatom is calculated with the simulation conditions mentioned above. I 

consider the relaxation of atomic position. Since it is confirmed that experimental lattice 

parameters well produce the band gap of monolayer MX2 in the Chapter 6, I fix the in-

plane lattice constant to 9.48 Å (= 3×a) and let Mo and S atoms move in the z-direction. 

The atomic positions are assumed to be optimized when Hellman-Feynman forces less 

than 0.01 eV/ Å. Fig. 7.1(b) shows the band structure of 3×3 monolayer MoS2 supercell. 

Since supercell has primitive lattice vectors three times the length of the regular unit cell, 

the K point of hexagonal BZ of primitive unit cell folds in by symmetry onto the Γ point 

of BZ of the entire supercell. Therefore, I find the conduction band (CB) minimum and 
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the valence band (VB) maximum at Γ. The calculated band gap of 1.8 eV is quite close to 

the previous studies [42], [95]–[99]. 

Calculations of adatom-monolayer MoS2 system are carried out at three sites of 

high symmetry (top of Mo: M, top of S: S, and top of hexagon center: H) indicated in Fig. 

7.1(a). For each site, the adatom and atoms (Mo and S) of monolayer MoS2 are relaxed in 

all directions, in-plane and out, until atomic forces on each atom are less than 0.01 eV/ Å. 

The supercell dimensions are kept fixed. I calculated the binding energy from the 

equation               
                     , where          is the binding 

energy of adatom on the monolayer MoS2,      
 is the energy of 3×3 monolayer MoS2 

without the adatom,         is the energy of isolated atom without monolayer MoS2, 

and              is the total energy of adatom-monolayer MoS2 system. Of the three 

sites considered, the site with the largest binding energy (minimum total energy) is 

referred to as the energetically favored site. Once the most stable site is determined, I use 

that structure to obtain the band structure, DOS and charge density. From the difference 

between the number of valence electrons in the isolated adatom and the number of 

electrons for the adatom in the adatom-monolayer MoS2 system by Bader's method which 

partitions the charge density in a molecule to atoms according to the zero flux surface, the 

amount of charge transfer from the adatom to monolayer MoS2 is estimated. Several 

atoms in the 1st (Li, Na, K) and 7th (F, Cl, Br) columns in the periodic table and metals 

(Sc, Ti, Ta, Mo, Ni, Pd, Pt, Ag, Au) are tested as adatoms. The most favored site, the 

bonding type and the charge transfer amount for each adatom considered here are 

summarized in Table 7.1. 
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Figure 7.1: (a) Top view of 3×3 unit cell of monolayer MoS2 and (b) corresponding 

band structure along high symmetry directions of the hexagonal BZ. Three 

adsorption sites (top of Mo: M, top of S: S, and top of hexagon center: H). 

The dotted and dashed lines will be used to illustrate charge density slices in 

Fig. 7.3. 
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Adatom  Most 

Stable Site 

Bonding 

Type 

Amount of  

Charge Transfer  

Doping 

Type 

7th 

F S Covalent -0.5781e 

P Cl  S Covalent -0.2523e  

Br S Covalent -0.2255e  

1st 

Li M Ionic 0.652e  

N Na M Ionic 0.7025e  

K M Ionic 0.8469e  

Metal 

Sc M Covalent 1.0612e 
n  

Ti M Covalent 1.0176e  

Ta M Covalent -0.1779e  

p  

Mo M Covalent -0.0846e  

Ni M Covalent -0.0029e  

Pd  M Covalent -0.4841e  

Pt  M Covalent -0.04959e  

Ag  H  Covalent -0.1463e  

Au  S Covalent -0.1114e  

Table 7.1: The most stable site, the bonding type, the amount of charge transfer from 

adatom to monolayer MoS2 and the doping type for each adatom-monolayer 

MoS2 system. 

 

7.3 EFFECTS OF ATOMS IN 1ST AND 7TH COLUMNS AND METALS ON MONOLAYER 

MOS2 

From Table 7.1, the 7th column atoms bind most strongly to the S site. The band 

structure and atom projected DOS plots of monolayer MoS2 with F are shown in Fig. 

7.2(a). For the comparison with the monolayer MoS2 without adatom, the total DOS of 
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only 3×3 monolayer MoS2 supercell is also shown in the RHS of Fig. 7.2(a). In the band 

structure, (LHS of Fig. 7.2(a)), new states are created within the band gap of monolayer 

MoS2 by the addition of F atom. Corresponding DOS plot confirms the existence of states 

inside of band gap coming from the hybridization of Mo, S and F. From the charge 

density plot of Fig. 7.3(a), there is substantial charge density distributed between F and S, 

which substantiates the presence of covalent bonding. Using the Bader's method, F seems 

to gain about 0.6 electron from the monolayer MoS2, thereby leading to p-type doping of 

MoS2. Similar features such as additional states close to VB within the band gap, the 

most strongly binding at the S site, covalent bonding, and p-type doing of MoS2 are 

observed in the other 7th column atoms (Cl and Br) as seen in Table 7.1. This p-type 

doping by the 7th column atoms was also reported in the Cl plasma reaction with 

graphene and graphene nanoribbons [105]. 

Adatoms from the 1st column affect the properties of monolayer MoS2 in the 

opposite way to the 7th column atoms. In Fig. 7.2(b), the entire band structure of 

monolayer MoS2 is pulled down with the Li atom without any significant changes by 

maintaining the band gap size (~1.8 eV). Hence the CB minimum goes below the Fermi 

level (EF = 0 eV). The Li atom resides most stably at the M site. Calculated charge 

density (Fig. 7.3(b)) indicates the spherical charge distribution at S and Li sites, which is 

the characteristic of systems having ionic bonding. Additionally, there is no noticeable 

charge density located between S and Li, also suggesting the ionic bonding. More than 

0.6 valence electron of Li (Table 7.1) is transferred to MoS2 to fill up the MoS2 CB. 

Other atoms in the 1st column (Na and K) also favor ionic bonding at the M site with 

electron transfer to MoS2, which is consistent with the previous experimental studies 

about the K and Cs deposition on MoS2 [106], [107]. More charge is transferred to the 

monolayer MoS2 with increasing atomic number as listed in Table 7.1. 
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Figure 7.2: Band structures (LHS) along high symmetry directions of the hexagonal BZ 

and atom projected DOS (RHS) of monolayer MoS2 (a) with F and (b) with 

Li. 

 

Figure 7.3: Charge densities on slices perpendicular to the surface of monolayer MoS2 

(a) with F and (b) with Li. 
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Figure 7.4: Band structures (LHS) along high symmetry directions of the hexagonal BZ 

and atom projected densities of states (RHS) of monolayer MoS2 (a) with Sc 

and (b) with Pd. 

Metal atoms are also investigated by the same approach applied to atoms in the 

1st and 7th columns. Most of the metal atoms simulated here tend to bond on the M site 

except Ag and Au, and all metal atoms exhibit the covalent bonding, which is supported 

by the high charge density between the adatom and S or Mo, and the emergence of 

strongly hybridized states of Mo, S and the adatom as for the 7th column atoms. Among 

the considered metal atoms, Sc and Ti lead to charge transfer of about 1 electron to MoS2 

(Table 7.1), turning the monolayer MoS2 to an n-type semiconductor. Band structures and 

DOS plots of Sc in Fig. 7.4(a) show the states originating from mixing of Mo, S and Sc 
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within the band gap. The Fermi level at 0 eV almost touches the CB minium of 

monolayer MoS2. On the other hand, all other metal atoms considered here collect 

electrons from MoS2, leading to the p-type semiconductor as summarized in Table 7.1. 

Especially, Pd is found to attract nearly 0.5 electrons from monolayer MoS2. States 

mainly from Pd appear near the VB in the band structure as illustrated by the by DOS in 

Fig. 7.4(b). 

 

7.3 CONCLUSION 

In summary, I use a density functional based electronic structure methods to study 

the effect of adatom on monolayer MoS2. Atoms in the 1st and 7th columns and metals 

are examined. Our study suggests that the 1st and 7th column atoms may be effective p-

type and n-type doped MoS2, respectively. Among the simulated metal atoms, Sc and Ti 

donate electrons to monolayer MoS2, while Pd tends to accept electrons from MoS2. All 

other simulated metal atoms exhibit a little p-type doping, leaving monolayer MoS2 close 

to neutrally charged. 
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Chapter 8: Conclusion 

 

8.1 SUMMARY 

It is expected that scaling down of complementary-metal-oxide-semiconductor 

(CMOS) technology will encounter limitations that necessitate major innovations. 

Alternative channel materials, novel device structures and even novel device concepts 

will be required to achieve the performance target set out in the International Technology 

Roadmap for Semiconductor (ITRS). In the search for alternatives to silicon (Si), 

intrinsically two-dimensional (2-D) materials and electronic systems are being explored, 

as exemplified by graphene. However, 3-D topological insulators (TIs) with 2-D surface 

states and monolayers of transition metal dichalcogenides (TMDs) provide alternative 2-

D systems that are also receiving significant attention. This dissertation has presented a 

series of theoretical works on TIs and TMDs using ab-initio density functional theory 

(DFT) and atomistic full-band quantum transport within the non-equilibrium Green’s 

function (NEGF) formalism.  

Among many TIs predicted by theoretical calculations [14], [15], [108], I have 

considered Bismuth- and Thallium-based TIs (Bi2Se3, Bi2Se2Te, Bi2Te2Se, TlBiSe2, 

TlBiTe2) whose existence is confirmed by experiments [17], [30], [76]. From the bulk 

band structure calculations with and without spin-orbit coupling (SOC), the inversion of 

conduction band (CB) and valence band (VB) via SOC has been illustrated. The actual 

extent of localization of TI “surface” states to the surface is visualized by mapping out 

the atom and orbital projected bands from the wavefunctions. Then, I move to the TI thin 

films to check the metallic or semiconducting nature of the surface states. Dirac cone 

surface bands are shown in each of the TIs considered here for thick films. For thinner 
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films, a band gap is opened in the surface states via the interaction between CB and VB 

states on the different sides of TI thin film [29]–[31], [106]. The thickness dependence of 

the band gap has been studied here. The minimum thin film thickness to keep the metallic 

surface states, the gap sizes for different thickness thin films and the penetration depth of 

surface states into the bulk for each TI are estimated. These studies predict the 

localization length of surface states is shorter in thinner layers of ternary Bi-based TIs 

than in binary Bi-based TIs or than in Tl-based TIs, thereby retaining metallic surface 

bands in thinner films. DFT simulations has also used to explore the effects of crystalline 

dielectrics on the Dirac cone surface states of TI. Two representative dielectrics SiO2 

(alpha-quartz) and BN (hexagonal boron nitride) are chosen to understand the physics of 

interplay of interface potential, linear band dispersion and the chemical environments of 

the TI surface states. Simulations show the robustness of Dirac cone under these 

dielectric terminations as well as different relative atom positions of the dielectric and the 

TI [109]. However, oxygen dangling states degrade TI surface state severely by shifting 

the Dirac point under the VB of SiO2, consistent with experiments demonstrating lowered 

mobility on the surface of air-exposed TIs [71]. The Possibility of electron-hole pair 

condensation, the basis for the beyond-CMOS Bilayer-pseudoSpin Field Effect Transistor 

(BiSFET) [75], has been assessed in the TI Bi2Se3 thin film. Exchange interaction within 

non-local Hartree-Fock mean-field theory [77] was self-consistently calculated within the 

atomistic tight-binding frame, and reveals that the large dielectric constant of Bi2Se3 

(~100) [80] could be problematic. Therefore, to achieve the electron-hole pair 

condensation in TI, searching for low dielectric constant TI needs to be preceded. Next, 

TI-based field-effect-transistors (FETs) applications are examined though the atomistic 

quantum ballistic transport. Band-to-band tunnel FET (TFETs) and metal-oxide-

semiconductor FETs (MOSFETs) based on the Bi2Se3 thin films utilizing the resulting 
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band gap in the TI surface bands have been studied. Similarly with the electron-hole pair 

condensation in TI, a large dielectric constant of Bi2Se3 proved a substantial barrier to 

achieving a thin tunnel barrier for the high ON current in TFETs, and it also renders 

Bi2Se3 MOSFETs vulnerable to short channel effects by increasing the effect of drain 

over the channel [110]. 

Device performances of various monolayer TMDs (MoS2, MoSe2, MoTe2, WS2, 

WSe2) MOSFETs are also analyzed by quantum transport calculations. All monolayer 

TMDs MOSFETs, considered in this work, exhibit good subthreshold characteristics in 

the transfer characteristics, originating from the 2-D geometrical advantage. Little 

degradation in drain-induced barrier lowering (DIBL) is observed in MOSFETS from 

TMDs with the heavier chalcogen atom despite the increase in dielectric constant. From 

output characteristics of these ballistic simulations, I discovered the possibility of 

negative differential resistance (NDR). This unusual behavior for a MOSFET comes from 

running out of available states in the narrow-in-energy lowest energy conduction band at 

the drain end of the device, although the effect is partially compensated for by inter-band 

tunneling to higher lying bands. This unusual NDR behavior might be weakened or 

disappear entirely with the inclusion of scattering, but limited NDR could be a signature 

of quasi-ballistic transport in the nanoscale TMDs MOSFETs. After exploring device 

characteristics of monolayer TMDs MOSFETs, I focused on the doping of monolayer 

TMDs, a fundamental issue required to be overcome for the FET applications. Through 

ab-initio simulations of adatom-monolayer MoS2 system, the 7th and 1st column atoms 

are found to be effective for doping monolayer MoS2 p- and n-type, respectively. Among 

metal atoms simulated, Sc and Ti tend to inject electrons to the monolayer MoS2, while 

Pd seems to attract electrons from monolayer MoS2. 
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In conclusion, as devices keep shrinking in the progress of Moore's law, grand 

challenges questioning fundamental limits of Si technology have emerged. Searching for 

an alternative to Si as well as a new switching mechanism is indispensible to extend the 

ITRS. TIs and TMDs are promising quasi-2-D materials for beyond Si-CMOS devices. 

Using ab initio DFT and full-band atomistic tight-binding simulations, the work of this 

dissertation both provides fundamental electronic properties of TIs and TMDs, and initial 

estimates of the potential device performances of nanoscale FETs based on TIs and 

TMDs. 

 

8.2 FUTURE WORK 

In this dissertation, conventional MOSFETs with a TI thin film channel and band-

to-band TFETs using lateral tunneling in the p-i-n structure are investigated and the large 

dielectric constant of TI turns out to be an essential barrier for the high performance 

FETs. As mentioned at the end of Section 5.3, the vertical tunneling in a TI bilayer 

structure (Fig. 5.8), consisting of two TI layers separated by a middle dielectric layer, 

might provide better device performances. In such a TI bilayer structure with a middle 

insulating layer, the high dielectric constant of the TI can be advantageous toward 

maximizing the potential drop between the two adjacent surface of two TI layers, leading 

to better gate control of the tunneling current. And the barrier thickness would be defined 

by crystal growth rather than electrostatics. 

Similarly, TFETs composed TMD heterostructures made of multiple layers of 

different TMDs could be interesting to explore. Since the in-plane lattice constants of 

MoS2 (MoSe2) and WS2 (WSe2) listed in Table 6.1 are very close, creating a band offset 

between different TMD layers for the tunneling barrier is viable. In this latter vertical 
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TFET structure, gate control of either interband tunneling or resonant tunneling between 

CBs or VBs on different TMD layers could be considered. By following the same 

procedure I used in the quantum transport calculation (extracting TB parameters from 

DFT using MLWFs, plugging TB parameters into quantum transport simulator), one 

could estimated the device performances of TMD vertical TFETs. However, the unit cell 

sizes are significantly larger, and thus the effort would be still more computationally 

demanding. 

Finally, it would be interesting to study the effect of defects or impurities in 

monolayer TMDs using ab-initio DFT calculations. Defects of different kinds of atoms 

and different percentages of defects should affect the electronic structures of monolayer 

TMDs in different ways. In addition to used of adatoms for doping as considered here, 

substitutional doping provides another subject for study. 
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