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Abstract 

Since the first demonstration of graphene, two-dimensional (2D) materials have attracted gigantic 

attentions from the electronic device community. Various 2D materials showing metallic, 

semiconducting, and insulating properties have been reported. Among them, transition metal 

dichalcogenide (TMDs) is one of the most latent 2D materials, having excellent semiconducting 

properties with electronical, optical, and mechanical advantages. Due to their intriguing properties, 

TMD devices have been investigated for various applications such as switching devices or sensing 

applications. In particular, 2D TMD phototransistors exhibit high optical device performance, 

demonstrating their potential for future wearable devices and health monitoring systems.  

In this thesis, to investigate optical properties of the 2D TMDs phototransistors, comprehensive 

theoretical studies are performed based on analytical modeling and numerical simulation. I introduce 

overall simulation schemes showing self-consistent iterative calculations between transport and 

electrostatics. Non-equilibrium Green’s function (NEGF) transport method is mainly used for device 

simulations in this study. I discuss two major methods to calculate electronic states of channel materials 

in the devices: effective mass and tight-binding approximations. I develop new method, modified 

effective mass approximation, for maintaining rigorous calculation and having low computational cost. 

Following that, the Poisson’s equation solver is presented to calculate electrostatics.  

I first analyze unique device performance of fabricated 2D TMDs phototransistors. To confirm origin 

of uncommon p-type behavior and large photoresponsivity of chemical vapor deposition (CVD) grown 

multilayer MoSe2 phototransistors, density-of-states in the band gap is extracted by temperature-

dependent analysis. Next, physical models for optical behaviors of MoSe2 phototransistors under 

illumination are developed, considering two key mechanisms: photoconductive (PC) and photogating 

(PG) effects. The models are used to analyze large photoresponsivity of multilayer MoSe2 

phototransistors fabricated by CVD under Mo-rich condition, where it turns out that observed Mo 

interstitials on the materials are critical factor of large optical response. Then, the MoSe2 phototransistor 

is computationally simulated based on NEGF method with trap models. PG effect is deeply examined 

from the microscopic perspectives. I also simulate optical device performance such as 

photoresponsivity and detectivity. After that, for further improvement of the device performance, 

dependence of photoresponsivity on material properties is investigated.  
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The simulation methods can be extended to other phototransistors based on new materials to 

strengthen the photoresponsivity or PG effect. A phototransistor with hexagonal nano-patterned 

multilayer MoS2 as channel layer is simulated to scrutinize high photoresponsivity of it. Material and 

device simulations are carried on to specify energy level of a trap state mainly contributing to the large 

photogain. We study dependence of photocurrent on energy level of trap states with realistic capture 

cross sections. 

Overall, MoSe2 phototransistors are physically modeled and numerically simulated. Those trends of 

models and simulation results successfully reproduce those by experiments, providing in-depth 

understanding of underlying photoillumination effects. The proposed modeling and simulators can not 

only accurately predict the photoelectric performances of the future 2D phototransistors but also deeply 

quantify and analyze the internal physical mechanisms, providing a useful framework for the 

improvement and optimal design of popular 2D phototransistors for a wide range of applications. 
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to 1.4 eV above EV) at VGS = 1 V. (d) Photoresponsivity (R) as a function of Pinc at λex of 405 nm 

with trap states at four different energy levels. Et = 0.3 and 0.4 eV above (below) EV (EC). The 

total trap density is kept the same as in (a)–(c) (1.25 × 1025 /m3 each). ..................................... 92 
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Chapter 1 Introduction 

1.1 2D Materials 

1.1.1 Semi-metallic Graphene 

Since the first reports on graphene in around 1970 [1], [2], there had not been significant scientific and 

engineering breakthrough in two-dimensional (2D) materials for decades until Andre Geim and 

Konstantin Novoselov demonstrated novel 2D nanoelectronic devices using a simple mechanical 

exfoliation technique [3], which evoked gigantic interests in 2D materials. Graphene has a planar 

structure, composed of the honeycomb shape as shown in Figure 1.1 with a carbon atom at each corner.  

 

Figure 1.1 Atomistic structure of graphene [4]. 

This abrupt increase of interest in graphene is partly due to the possibility to grow on metal and 

transfer it to insulating substrates [5], [6] as well as mechanical exfoliation [3]. Epitaxial graphene on 

top of SiC wafers is another way to obtain graphene which is produced by thermal deposition of SiC 

[7], [8]. Since exfoliation is not suitable for mass production in practice, the other two methods are 

widely used to obtain large-scale graphene towards the fabrication of future graphene-based electronics. 
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Figure 1.2 (a) Band structure of graphene. (b) Band structure at the K point of: (i) pure graphene (no 

band gap), (ii) graphene nanoribbons, (iii) bilayer graphene without applied field (no band gap), and 

(iv) bilayer graphene with an perpendicular applied field. Figures reprinted with permission from: (a) 

reference 9, © 2010 American Chemical Society; (b) reference 10, © 2010 Springer Nature. 

These days, many high-tech companies like Samsung and Intel as well as innumerable research 

groups are investigating the electronical, optical, mechanical, and chemical properties of graphene for 

device applications. Graphene has extremely high electron mobility at room temperature, which make 

it very unique and attractive over other materials. Exfoliated graphene on SiO2-covered silicon wafer 

gives mobility of 40,000 cm2/V ∙ s and up to 70,000 cm2/V ∙ s [11], [12]. Furthermore, graphene 

without charged impurities and ripples [13] and suspended graphene exhibited the mobility of 200,000 

cm2/V ∙ s and 106 cm2/V ∙ s, respectively [14]. 

Even with the high mobility, graphene has no band gap, which can be seen at the K point in the band 

structure, where valence and conduction bands meet (see Figure 1.2(b)(i)); therefore, it has semi-

metallic properties. However, a non-zero band gap is required for switching applications, and several 

methods have been proposed to open the band gap [15]–[34]. The most common way is to create a 

graphene nanoribbon (GNR), which is a confined one-dimensional (1D) graphene, where the band gap 

is, in general, inversely proportional to the width of ribbon. However, it is practically hard to achieve a 

desired band gap from GNRs due to the roughness of edges and the variability of the GNR width. In 

addition, even with a wide band gap opening, the conduction and valence bands cannot maintain the 

shape of the original Dirac cone, leading to the performance degradation of graphene devices due to 

increase of the effective mass [35]. Another method to open a band gap is to apply vertical field across 

(a) (b)
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bilayer graphene (see Figure 1.2(b)(iv)). A couple of papers reported that opening band gap by 200–

250 meV was achieved using the electric field of (1–3) × 107 V/cm [31], [32].  

 

 

Figure 1.3 (a) Atomically schematic representation of a typical MX2 structure, with the chalcogenide 

atoms (X) in yellow and the transition metal atoms (M) in grey. (b) Schematics TMDs in three different 

structural polytypes. Figures reprinted with permission from reference 37, © 2012 Springer Nature. 

 

 

 

Table 1.1 Electronic characteristics of TMDs. Table reprinted with permission from reference 37, © 

2012 Springer Nature.   

(a) (b)
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1.1.2 2D Semiconductors 

1.1.2.1 Transition Metal Dichalcogenides (TMDs) 

Among many 2D materials, transition metal dichalcogenides (TMDs) are the emerging and promising 

materials, which have attracted a number of researchers’ attention within the last decade. They have 

chemical forms of MX2 where M indicates transition metal (Mo, W, Nb, Ta, Ti, or Re) and X stands 

for chalcogenide materials (Se, S, or Te). Each unit cell consists of one M atom sandwiched between 

two X atoms, building a trigonal prismatic structure as shown Figure 1.3. Stacked layers of TMDs have 

an overall symmetry as hexagonal, rhombohedral, or tetragonal. Electronic characteristics are listed in 

Table 1.1. MoS2 is the most widely investigated and used TMD as channel materials in FETs [37], 

exhibiting its high ON/OFF switching ratio, which is possible due to the thinness of the active material. 

Another benefit of the material is its handful extraction methods such as micromechanical cleavage 

technique [38], [39] or a mild solvent-based exfoliation technique [40]. Large-area MoS2 can be 

obtained by chemical vapor deposition (CVD), suggesting its potential for high scalability and degree 

of morphological control [41], [42].  

 

 

 

 

Figure 1.4 Band structure plotted by density functional theory (DFT) for bulk and monolayer of (a) 

MoS2 and (b) WS2. Figures reprinted with permission from reference 43, © 2011 American Physical 

Society. 

  

(a) (b)
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Figure 1.4 shows the band structures of bulk and monolayer MoS2 and WS2. Monolayer TMDs such 

as MoS2 and WS2 have direct band gap and multilayer counterparts have indirect band gap with a 

smaller energy gap. Direct band gap in monolayer MoS2 can produce significant photoluminescence, 

which can be employed in various optoelectronic applications [43]. Band gap of MoS2 is ranged from 

~1.2 eV for bulk [44] to ~1.8 eV for monolayer [45], [46]. Quantum-mechanical confinement in the 

vertical direction [43], and the resulting variation in hybridization in pz orbitals on X atoms and d 

orbitals on M atoms cause this transition of the band gap [45], [47]. Band gaps can also be tuned by 

applying external electric field. Theoretical studies reported that band gap of few-layer MoS2 was 

efficiently engineered by vertical electric field [48], [49]. Electric field as much as 1.0–1.5 V/Å is able 

to tune the band gap of bilayer MoS2 to zero [50]. Mechanical deformation can also be used to tune a 

band gap. Researchers investigated nanotube made up of group-IV 2H MX2 for their tribological 

properties. It is shown that WS2 is resistible up to 10% of elongation strain [51]. Deformation is also 

utilized with strong electronic effects (straintronics). The band gap is almost linearly decreased under 

isotropic and unidirectional strain until a semiconductor–metal transition is observed at about 10% 

isotropic strain [52]. Defects which are often formed by synthesis procedures make a critical impact on 

the electronic properties of TMDs. One of them is the point defect which results in new photoemission 

peaks and enhances photoluminescence intensity in monolayer MoS2 [53]. This is due to localized 

excitons and the trapping potential of free charge carriers. A simulation work revealed that localized 

mid-gap states are observed in MoS2 which does not enhance conductivity but scatter the current [54]. 

H. Qiu et al. exhibited that, due to single atomic vacancies, the average conductance is significantly 

reduced and large anisotropy of electron transfer is occurred in monolayer with grain boundaries [55].  

2D TMD materials are also very promising for photonics applications due to their significant exciton 

binding energies and their latent capabilities for engineering exciton dynamics. For example, the 

exciton binding energy of monolayer MoS2 is ranged from 0.4 to 1.1 eV, which is higher than 

conventional semiconductor materials by one order of magnitude [56]–[61]. Notably, present active 

investigation on the optical properties of TMDs is attributed to their strong exciton binding energy. 

High excitonic absorption and emission of TMDs along with its thinness, flexibility and transparency 

can lead to the future optoelectronics in mobile devices. 
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1.1.2.2 Group-IV 2D-Xenes: Silicene, Germanene, Stanene, and Phosphorene 

Recently, there are a group of other fundamental 2D materials that have also emerged. Silicene, 

germanene, stanene, and phosphorene are members of the group, which are the monolayer of silicon, 

germanium, tin, and black phosphorus, respectively. Generally, thin versions of these materials are not 

stable and cannot be observed in nature. Nevertheless, stable 2D, slightly buckled (beta-type) honey 

comb structures of silicon and germanene was announced in 2009 [62]. Similar to electrons in graphene, 

it is noteworthy that the silicene and germanene have linearly crossing electron bands at the Fermi 

energy, representing that electrons in the materials behave as massless electrons. Experimentalists 

revealed that low energy electrons of silicene moves like massless Dirac Fermions and silicene over-

laid on silver exhibits Fermi velocities as much as graphene counterpart [63], [64]. Germanene and 

stanene are also predicted to show similar physics as silicene by first-principles simulations [65], [66]. 

Especially, a single-layer crystal composed of germanium with one hydrogen bonded in the out-of-

plane direction for each atom is called germanane (GeH). While germanene has no band gap, 

germanane has direct band gap (1.48–1.60 eV) [67] potentially useful optoelectronics. The 

hydrogenated germanene showed ultrahigh carrier mobility (> 1.8 × 104 cm2/V ∙ s) [67]. Reasonably 

high field-effect mobility (~150 cm2/V ∙ s) and large ON/OFF current ratio (> 105) have been reported 

for GeH field-effect transistors (FETs) [68]. Not only that, notable spin orbit coupling (SOC) was 

reported in silicene, germanene, and stanine [66], [69]. Due to the large SOC, the materials are regarded 

as very promising for applications using the quantum spin hall (QSH) effects. Tin-based materials have 

not been studied as much as silicene and germanene, but, in 2005, the stanene grown by molecular 

beam epitaxy was announced, confirmed by atomic and electronic characterization using scanning 

tunneling microscopy and angle-resolved photoemission spectroscopy, in combination with first-

principles calculations.[70]. In addition, other first-principles calculations have presented that the band 

structure of silicene and germanene can be adjusted with a vertical electric field, although extremely 

large electric fields which would break any known field oxide in FETs are required [71], [72]. 

Numerical simulation of devices based on these materials has also been explored using Monte-Carlo 

transport [73].  

Phosphorene, also known as monolayer black phosphorus (BP), is another 2D material intriguing 

intense research attention these days. Recently, it has been revealed that phosphorene has high carrier 

mobility, and high optical and UV absorption. Its unique anisotropic orthorhombic structure makes it 

ductile along one of the in-plane crystal directions but stiff in the out-of-plane direction. For the last a 
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few decades, black phosphorus had got little attention as a semiconductor due to the challenge in 

controlling the material quality and its small band gap (0.3 eV for bulk). However, recent development 

in separating few layers recalled black phosphorus for various device applications. L. Li et al. published 

results of theoretical and experimental investigation on black phosphorus field-effect transistors with 

monolayer and few layers [74]. Table 1.2 provides the band gap and mobility of phosphorene as well 

as other 2D materials. 

 

 

 

Table 1.2 Properties of phosphorene compared with those of other 2D materials. Table reprinted with 

permission from reference 75, © 2016 Springer Nature. 

 

 

 

Figure 1.5 The atomic structure of phosphorene. Figure reprinted with permission from reference 75, 

© 2016 Springer Nature.   
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White phosphorus P4 molecule should be considered to understand phosphorus chemistry. Each 

phosphorus atom forms three bonds with its neighbors and four atoms form a tetrahedron with six single 

bonds. 3p atomic orbitals, which form angle of 90° in the pure status, make major contribution to these 

bonds. Since bonds of phosphorus are out of perpendicular, it requires arc-like bonds to be stabilized 

[76], [77].  

However, for phosphorene, sp3 bonds in P4 bonds are broken to constitute angles of 96.34° and 

103.09° which is closer to the angle of perfect tetrahedron, 109.05°. Stability is increased with crystal 

structure. Resulting atomic structure is shown in the Figure 1.5. The rest pairs have angles of 45° with 

respect to plane and contribute puckering of the structure. Each atom has two neighbors at 2.224 Å and 

a third one at 2.244 Å due to two difference bond angles [78]. y axis is called the zigzag direction, while 

the x axis is named armchair direction. The lattice constant of the bulk black phosphorus is 4.374, 3.313, 

and 10.473 Å for a, b, c, respectively, which are determined by using time-of-flight neutron powder 

diffraction [79]. Nevertheless, there are many factors which make it difficult to precisely decide these 

lattice constants with DFT calculations: variation of the covalent intralayer bonds and of the weak 

interlayer bonds, and the directional in-plane bonding geometry [80], [81]. 

 

 

 

Figure 1.6 Band structures of black phosphorus, plotted by DFT with varying number of layers. Figure 

reprinted with permission from reference 75, © 2016 Springer Nature. 
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Band structures of black phosphorus, which depend on the number of layers, are exhibited in Figure 

1.6. It shows a concurrent splitting of the bands with increasing number of layers. Monolayer, few-

layer and bulk phosphorus have band gaps ranging from ~0.3 eV (bulk) to ~2.0 eV (monolayer) [82]. 

However, showing that band dispersion is mostly unchanged, the band gaps are measured at Γ point of 

the first Brillouin zone (BZ) for the all different number of layers. Compared to some TMD materials 

like MoS2 or WS2, exhibiting indirect-to-direct band gap transitions with the change in the number of 

layers from bulk to monolayer, black phosphorus has direct band gap regardless of the number of layers, 

which is analogous to some other TMDs such as ReS2, TiS3 and InSe. It is significantly beneficial for 

2D material to have the direct band gap regardless of the exact number of layers for optoelectronics 

applications considering the performance and the efficiency of the devices. Large electromagnetic 

spectrum of black phosphorus is the second advantage for optical applications. The spectrum is covered 

by the thickness-dependent band gaps, ranging from visible, middle infrared, and even below the 

spectral region covered by semiconducting TMDs. 

Furthermore, phosphorene possesses high carrier mobility due to the significant improvement in 

preparation and encapsulation methods. Mobility is increased to a value more than 1,000 cm2/V ∙ s 

along the y direction with increasing thickness up to 10 nm (see Table 1.2). A theoretical work indicates 

that this value can be improved even more: in a monolayer, mobility of holes may be increased up to 

10,000–26,000 cm2/V ∙ s, while in thick layer (five-layer), it is around 4,800–6,400 cm2/V ∙ s [81]. 
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Figure 1.7 Post-transition metal chalcogenides (PTMCs). (a) Element combination of PTMCs, with six 

recognized post-transition metals: gallium (Ga), indium (In), tin (Sn), thallium (Tl), lead (Pb), and 

bismuth (Bi). (b) Schematic illustration of the top-view and cross-sectional view of an InSe lattice, with 

a Se–In–In–Se structure, and each sheet is weakly bound by van der Waals forces.  Figures reprinted 

with permission from: (a) reference 83, © 2018 Royal Society of Chemistry; (b) reference 84, © 2017 

Springer Nature. 

 

1.1.2.3 Post-Transition Metal Chalcogenides (PTMCs) 

The most recent family of 2D materials, so-called novel post-transition metal chalcogenides (PTMCs), 

includes combinations of group III elements (e.g., Ga and In) or group IV (e.g., Sn) with chalcogenides 

as shown Figure 1.7(a). Especially, group IV chalcogenides have two puckered atomic planes 

analogous to BP [85], [86]. PTMCs based on Ga, In, and Sn are usually semiconductors with variable 

band gaps relying on the exact combinations between the metals and chalcogens. PTMC based on Ga 

has larger band gap of 3.3–3.4 eV for monolayer and 1.7–2.5 eV [87] for bulk than that of TMDs. 

Device using such large band gap materials can be employed for broad wavelength from the UV to 

visible range [88]. Furthermore, monolayer GaSe has very heavy holes and a large density-of-states 

due to almost flat valence band in the central region of E–k structure [89]. Fast photoresponse has been 

reported showing distinct optical properties of GaSe [90], [91]. This large effective mass of holes in 

GaSe could be adapted to electronic application, enabling suppressing the leakage current in sub-5 nm 

transistors. To avoid short channel effects such as large OFF-state current, large effective mass is 

preferable. Some ab-initio studies revealed that high performance of GaSe FETs even exceeding that 

of silicon transistor as guided by the ITRS [92]. The studies for a ultra-short channel (3 nm) GaSe FET, 

demonstrated subthreshold swing (SS) of 92 mV/dec, 4 order of magnitude ON/OFF ratio, and ON 

(a) (b)
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current density of 1.8 mA/μm [93]. Even though the theoretical investigation predicted high electrical 

performance, experimentally measured carrier mobility was rather low. Like early state of MoS2 

research, the gap between theory and experiments is due to their large band gap and high resistivity at 

metal semiconductor contact, and there is possibility to be further improved using better contact 

engineering.  

Unlike Ga-based chalcogenides, other PTMC family has a smaller band gap (~1.2 eV) which is 

required for high performance electronics. Atomistic structure of InSe is typically M–X–X–M (Se–In–

In–Se) and each layer is stacked by van der Waals forces. InSe is known for its light electron mass and 

high carrier mobility. Two-terminal field effect mobility is much higher than typical TMDs (MoS2, 

WSe2) counterpart and is even as high as state-of-the-art strained silicon devices. However, it is very 

sensitive to surface phonon scattering at channel–oxide interfaces or the charge impurities [94]–[96]. 

To avoid that, PMMA was deposited as a trap-free dielectric [96], resulting in a two-terminal field 

effect mobility ~1,055 cm2/V ∙ s which is higher than that utilizing Al2O3 as gate oxide with mobility 

of 64 cm2/V ∙ s. In addition, some fabrication technology developed in TMDs and BP was used to 

investigate dependence of hall mobility on temperature [97], [98]. The largest reported field-effect hall 

mobility in InSe transistor to date is 2,000 cm2/V ∙ s at room temperature and 12,700 cm2/V ∙ s at 

cryogenic temperature [84], which are better than that of experimental BP transistors introduced above. 

In addition, due to the larger band gap (1.2 eV) than BP counterpart (0.3 eV), ON/OFF ratio is also 

several orders of magnitude higher (> 108). The reasonable band gap and intrinsically large mobility 

of group III PTMCs were also investigated by ab-initio calculation [99], [100]. Simulation by 

combination of the ab-initio and quantum transport in the ballistic regime were carried out, reporting 

compelling performance with respect to industry requirements [93], [101], [102]. Therefore, PTMCs 

can be regarded as potentially very attractive semiconductor for high speed digital electronics beyond 

TMDs and phosphorene. 

1.1.3 Insulator: Hexagonal Boron Nitride (hBN) 

Hexagonal boron nitride (hBN) is a 2D material which has highly thermoconductive, mechanically 

strong, and lubricative due to their similar intralayer strong bonds and interlayer weak van der Waals 

forces. The layer looks white or near transparent with a wide band gap resulting in high insulation, 

thermal and chemical stability. Therefore, it is possible for hBN to be applied as gate dielectric, 

protective coating, insulating thermal conductors. Furthermore, since it has an atomically smooth 

surface that is relatively free of dangling bonds and charge traps, and a lattice constant similar to that 



 

 12 

of graphite, hBN can be fascinating substrate for 2D materials. Along with broad research for graphene, 

2D hBN was theoretically simulated as good supporter to induce band gap in graphene if graphene was 

deposited on it [103], which led to experimental enhancement of hBN research  significantly [104]. 

Recently, hBN was crucially utilized as graphene heterostructure to reduce contact resistance. A new 

device topology where 3D metal electrodes are connected to encapsulated 2D graphene with hBN along 

the 1D graphene edge were demonstrated as shown in Figure 1.8. Measured contact resistance of the 

new contact geometry is remarkably low (~150 Ω ∙ 𝜇𝑚), which is ~25% lower than the best reported 

surface contacts without additional contact engineering [105]. Not only graphene, these days, hBN is 

being required almost 2D electronic devices based on TMDs [106]–[108], Group-IV 2D-Xenes [98], 

[109], and PTMCs [84]. 

 

 

 

Figure 1.8 (a) Fabrication process of the 3D metal electrodes are connected to encapsulated 2D 

graphene with hBN along the 1D graphene edge. (b) High-resolution bright-field STEM image showing 

details of the edge-contact geometry. The expanded region exhibits a magnified false-color EELS map. 

Figure reprinted with permission from reference 105, © 2013, American Association for the 

Advancement of Science.   
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1.2 TMD Electronic Devices 

1.2.1 Two-terminal Devices 

TMDs are used in some two-terminal devices such as photodetectors due to its high Earth abundance, 

direct band gap (for monolayer), and appropriate band gap size enabling visible portions of the 

electromagnetic spectrum, large exciton binding energies, and strong photoluminescence. Some major 

categories of two-terminal devices are photodiodes, solar cells, and LEDs. 

To have short response time for photodetectors, rapid separation and collection of photogenerated 

carriers within a short distance by a built-in electric field are desired. So far, various junction techniques 

have been investigated to achieve ultrafast photodetectors including homojunctions between regions 

with different doping concentration, heterojunctions between two types of semiconductors, and 

semiconductor–metal Schottky junctions. Recently, a metal–semiconductor–metal (M–S–M) junction 

has also been introduced. Due to the short channel length design between the two M–S junctions, it 

resulted in fast response time similar to conventional FETs [110], [111]. Stacks of 

graphene/TMDs/graphene heterojunctions have been introduced, showing rapid response time down to 

50 𝜇s. Heterojunctions for p- and n-type look promising in photodiode for rapid photodetection. For 

instance, n-type MoS2 attached to p-type Si of crystalline [112] and amorphous [113] have been 

experimentally investigated. Also, fast photoresponse < 15 μs was obtained from a gate-tunable 

photodiode which was composed of p-type semiconducting single single-wall carbon nanotubes 

(SWCNTs) and n-type monolayer MoS2 [114].  

In addition, TMDs are expected to have great potential for other two-terminal devices such as 

photovoltaic cells and light-emitting devices. Monolayer and bulk TMDs are well-suited for the 

photovoltaic applications since those have band gap energy ~1.3 eV, which is desired for high-

efficiency photovoltaics according to the Shockley–Quessier limit (see Figure 1.9). A theoretical study 

revealed that maximum power conversion efficiency (PCE) of a type-II heterojunction between 

WS2/MoS2 is better (1.5%) than that of a Schottky junction solar cell composed of a graphene–MoS2 

stack (~1%) [115]. Roughly 1% of PCE is obtained experimentally from a photovoltaic device with an 

asymmetric M–S–M Schottky junction on a multilayer MoS2 flake [116], which is better than a split 

gated p-n junction on a monolayer WSe2 flake resulting in 0.5% PCE [117]. Other investigation on 

heterojunction structures reported that vertically stacked graphene/TMDs/graphene can produce an 

external quantum efficiency (EQE) of 55% at a single wavelength [118]. 
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Figure 1.9 Band gap vs. field-effect mobility for conventional and 2D material semiconductors used in 

current generation photovoltaic technologies. Figure reprinted with permission from reference 119, © 

2014, American Chemical Society. 

 

LEDs are another emerging application based on the p-n junction. Due to the need of direct band gap 

materials, monolayer TMDs could be possible options for transparent and flexible LEDs. Even though 

it is very difficult to control doping process in fabrication, low quantum efficiencies (~10-5) was 

reported by LEDs fabricated with a Schottky junction [120]. Homojunction using electrostatic doping 

in intrinsic monolayer WSe2 LEDs produced maximum efficiencies of ~0.2% [117], [121]. In 

heterojunction with monolayer MoS2 and crystalline p-type Si, excitonic electroluminescence has been 

observed [112]. However, further improvements in doping, surface engineering, encapsulation, and 

device design are required for LEDs based on TMDs to reach the potential of commercialized organic 

LEDs exhibiting 20% emission efficiencies. 
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1.2.2 Three-terminal Devices 

1.2.2.1 Switching Applications 

TMDs’ captivating features, including the absence of dangling bonds, inherently thin structure, and 

high mobility comparable to Si [122], make them attractive for a channel material in field-effect 

transistors. Although the electrical properties of bulk semiconducting TMDs have been investigated for 

decades [123], the very first transistor using TMDs was reported in 2004 [124] just after the landmark 

paper on graphene by the Manchester group. The TMD transistor adopted WSe2 as a channel material, 

which showed up to 500 cm2/V ∙ s mobility, ambipolar behaviors, and 104 ON/OFF current ratio at 

relatively low temperature of 60 K. Following that, Kis, et al. introduced remarkable n-type MoS2 

transistor in 2011 [37], as shown in Figure 1.10. Majority carriers flowing through the channel material 

is determined by Schottky barrier height (Φ𝐵𝑛 ) at the metal–semiconductor interface if no doped 

semiconductor as source and drain is adapted. The top-gated structure with monolayer MoS2 and HfO2 

as gate dielectric, showed significant ON/OFF current ratio (~108), room-temperature mobility (15 

cm2/V ∙ s), and 74 mV/decade of subthreshold swing (SS). HfO2 used for high-k gate dielectric in this 

device boosted the mobility due to dielectric engineering [12], [125]–[127]. In another paper, a p-type 

WSe2 FET with chemically doped source/drain contacts was reported. The device was fabricated with 

a top-gate geometry and high-k dielectric, which demonstrated hole mobility of 250 cm2/V ∙ s, SS of 

~60 mV/decade and 106 ON/OFF current ratio [128].  

 

 

Figure 1.10 (a) Device structure of monolayer MoS2 FET device with HfO2-top-gated. (b) Transfer 

characteristics of device in (a). Figures reprinted with permission from reference 37, © 2011, Springer 

Nature.   

(a) (b)
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Lately, a number of state-of-the-art devices based on MoS2 have been investigated. It was reported 

that atomic-layer-deposited (ALD) high-k dielectric was integrated on MoS2 crystals and dual-gate 

geometry with ALD Al2O3 as the gate dielectric, exhibiting high field-effect mobility of electrons [129]. 

Moreover, multilayer MoS2 FETs have been comprehensively investigated, since commercial 

fabrication processes for monolayer MoS2 with high-k dielectric layer are very limited by its 

compatibility. The outstanding features include high carrier mobility, excellent subthreshold swing, and 

robust current saturation over large voltage range [130].  

On the other hand, Yoon et al. demonstrated theoretical analysis of monolayer MoS2 transistors based 

on  numerical simulations [131], [132]. Top -gated MoS2 transistors with 15 nm gate length in the 

ballistic regime were simulated through the non-equilibrium Green’s function (NEGF) based on 

quantum simulations, which predicted ON current of 1.6 mA/μm, SS of ~60 mV/dec, ON/OFF current 

ratio of 1010, and immunity to short channel effects (drain-induced barrier lowering of ~10 mV/V). 

Figure 1.11 shows the simulation results of the monolayer MoS2 transistor at two different drain 

voltages. Even though the performance cannot beat the conventional III-V transistors, the monolayer 

MoS2 transistor would be very suitable for low-power applications due to its large ON/OFF ratio, high 

Earth abundance to a certain degree, and an excellent electrostatic control. However, short channel 

effects at a double-gated monolayer MoS2 FET with channel length of 5 nm are observed in the 

theoretical investigation [133] due to direct source-to-drain tunneling of electrons, which leads to 

degraded subthreshold swing. Therefore, improvement to overcome short channel effects in FETs based 

on short TMDs channel is required. 

 

 

Figure 1.11 Transfer characteristics at two different drain voltages for a monolayer MoS2 FET device, 

numerically simulated by NEGF–Poisson’s equation self-consistent method. Figure reprinted with 

permission from reference 132, ©2011, American Chemical Society.  
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1.2.2.2 Sensing Applications 

1.2.2.2.1 Photosensors 

Most of photosensors/photodetectors are categorized to two types: photodiodes and photoconductors. 

For conventional materials, photodiodes were commonly used photodetectors. Phototransistors or so-

called Photo-FETs are based on photoconductors structure and additionally have field effect modulation 

due to applied gate bias. Phototransistors with large photogain usually show slower response times than 

photodiodes by several orders of magnitude, because both the gain and the time constant are given by 

the lifetime of the captured carriers [134]. However, they have the potential for extremely high 

sensitivity due to the gain mechanism, which is much higher than those of photodiodes. For instance, a 

MoS2 phototransistor demonstrated dark current close to that of photodiode. The gate-tunable 

conductivity allows fully depleting the channel in the MoS2 phototransistor, and due to the atomically 

thin profile of the monolayer MoS2, extremely low OFF current densities of 25 fA/μm have been 

achieved [37]. This indicates that MoS2 photo-FETs with dimensions of 1 μm × 1 μm can already reach 

dark currents of only 1 order of magnitude higher than commercial, uncooled InGaAs photodiodes with 

the same dimensions. 

Various phototransistors based on TMDs have been introduced showing high optical performance. 

Phototransistor based on monolayer MoS2 reported in 2012 [135] showed promising and advantageous 

properties for the next generation photodetectors. Even rapid switching behavior of photocurrent 

generation and annihilation with a responding time within 50 ms was shown in the phototransistor 

based on the mechanical exfoliation method. In addition, detection of different wavelengths could be 

achieved by using different thickness of MoS2 layers. Choi et al. published a paper for multilayer MoS2 

phototransistors with an atomic-layer-deposited (ALD) Al2O3 gate dielectric layer in a bottom gate TFT 

configuration [136]. Those achieve higher room temperature mobilities (> 70 cm2/V ∙ s ), lower 

operating gate bias (< 5 V), and a negligible shift in the threshold voltages during illumination, 

compared to conventional amorphous InGaZnO phototransistors having multiple issues, such as high 

power consumption and reliability, due to their high SS (> 100 mV/dec), large gate bias (> 10 V), and 

distinct shift (a few V) in the threshold voltage during illumination. Furthermore, their multilayer MoS2 

phototransistors display better optoelectronic properties than single layer MoS2 phototransistors, 

including a wider spectral response (< ∼900 nm) and higher photoresponsivity (> 100 mA/W). Another 

multilayer MoS2 phototransistors based on transparent gate electrodes were fabricated by Lee et al. 
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[137]. They reported that triple channel layers with a band gap of 1.35 eV produce high photodetection 

capabilities for red light while green light detection is sensed effectively with mono- and bilayer 

phototransistors with band gaps of 1.8 eV and 1.65 eV, respectively. Recently, multilayer WS2 grown 

by CVD was also used to build phototransistors [138]. Furthermore, significant efforts to increase 

photocurrent through MoS2 have also been made by plasmonic Au nanoparticles [139]. It is revealed 

that one of the dominant optical effects is the thermoelectric effect according to a report on scanning 

photocurrent measurements of unbiased monolayer MoS2 devices [140], and others claimed that the 

dominant mechanism is interband excitation under bias. Contributions from these two mechanisms at 

zero bias might be varied devices to device [141]. Separation of photoexcited electron–hole pairs across 

the channel, which results in large net photocurrent, is observed under large drain bias (i.e., saturation 

mode) due to large enough electric field (Figure 1.12(b)) [142]. Heterostructures are also utilized to 

enhance photoresponsivity, R. For instance, vertically stacked graphene and MoS2 channel exhibited 

𝑅 > 107 A/𝑊  [143], [144]. However, even though various 2D-based phototransistors have 

demonstrated high performance, precise interpretation for key mechanisms of the high optical response 

is still on immature stage. Following theoretical investigation focusing on both materials and devices 

are thus required as next step. 
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Figure 1.12 (a) Transfer characteristics of a multilayer MoS2 photo-FET in dark (black) and under 

illumination (red). (b) Spatial map of the photocurrent recorded as a focused laser beam. Scale bar, 5 

μm. Figures reprinted with permission from: (a) reference 136, © 2012 WILEY‐VCH Verlag GmbH 

& Co. KGaA, Weinheim; (b) reference 142, © 2013, Springer Nature. 

 

 

 

 

Figure 1.13 Schematic diagram of MoS2 FET biosensor. Figures reprinted with permission from 

reference 145, © 2014, American Chemical Society  

(a) (b)
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1.2.2.2.2 Biosensors 

Biosensors are now being applied to national security, forensic industries and environmental 

monitoring as well as diagnostics. FET-based biosensors have triggered vast attention due to FETs’ 

inherit attributes such as fast electrical detection without the requirement for marking the biomolecules, 

low power consumption, and inexpensive mass production. A MoS2 FET biosensor geared to 

ultrasensitive and specific detection of biomolecules was reported in 2014 by Sakar et al. [145]. The 

devices demonstrated not only biomolecule detection but also great value of sensitivity for pH sensing. 

As mentioned before, lack of dangling bonds is a remarkable advantage of MoS2 which reduces the 

scattering of carriers close to the surface and interface traps. Due to this benefit, low interface density-

of-states at the semiconductor-insulator interface can lead to better switching control and reduction in 

low-frequency (flicker) noise, which is fundamental noise in FET biosensors [146]. Furthermore, 

theoretical analysis were recently performed for MoS2 FET biosensors for detecting prostate cancer 

[147]. The devices were numerically simulated to provide a rigorous and comprehensive understanding 

of the operating mechanism of the devices, and guidelines for the device design optimization with 

enhancement of the sensitivity. In the future, based on additional features of TMDs such as 

transparency, flexibility, and mechanical strength, TMDs FET-based biosensors can be extensively 

adapted for wearable and implantable applications. 
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1.3 Outline of the Thesis 

In this thesis, I focus on main mechanisms of photoillumination effects on phototransistors based on 

TMDs such as MoSe2 and MoS2. For thorough understanding of the physical mechanisms, analytical 

modeling and numerical simulations are carried out.  

The thesis is organized as follows. In Chapter 2, device simulation methodologies are introduced. A 

few electrical transport methods are explained. Among them, non-equilibrium Green’s functions 

(NEGF) is described with two different methods importing electronic states of the channel materials 

into the transport equations; effective mass and tight-binding approximations. In Chapter 3, uncommon 

behaviors of a MoSe2 phototransistor are analyzed. To confirm the key origin of uniquely high 

photoresponsivity of fabricated MoSe2 phototransistors, density-of-states was extracted by 

temperature-dependent analysis. In Chapter 4, photoillumination effects of MoSe2 phototransistors are 

analytically modeled. Two main optical mechanisms are modeled; photoconductive (PC) and 

photogating (PG) effects for in-depth understanding of high photoresponsivity in the fabricated MoSe2 

phototransistors. In Chapter 5, The photoillumination effects of MoSe2 phototransistors are numerically 

simulated. Trap model representing capture and emission of the carriers is introduced. Along with the 

trap model, the phototransistors are self-consistently simulated by NEGF method to calculate barrier 

modulation of the PG effect. In Chapter 6, the simulation method used in Chapter 5 is extended to a 

phototransistor based on the other type of TMDs, MoS2 nanomesh. High optical response of nano-

patterned MoS2 phototransistors is characterized, and its material and device are theoretically analyzed 

by density functional theory (DFT) and NEGF with the trap model, respectively. In chapter 7, 

conclusions and suggestions for further study are made. 
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Chapter 2 Device Simulations 

All the simulations conducted in this paper employed a self-consistent simulation scheme between the 

electrostatic potential and the charges inside the nanoscale electronic devices. Considering three-

terminals devices, source and drain bias voltages are applied for carrier injection and ejection, and gate 

bias is applied to control the conductance of the device. It is called ‘self-consistent’ since the changes 

in 𝜌(𝑟) adjust potential 𝑈𝑆𝐶(𝑟) inside the device, which in turn alters charge density until both the 

potential and charge density reach consistent values. For this iterative simulation, two major equations 

are needed: the Poisson’s equation and the transport equation. Input and output of the Poisson’s 

equation are charge density 𝜌(𝑟) and the self-consistent potential 𝑈𝑆𝐶(𝑟), respectively (see Figure 2.1). 

It is solved by a finite difference method (FDM) method, which will be explained in Section 0. On the 

other hand, a full quantum mechanical transport model based on NEGF formalism results in charge 

density, 𝜌(𝑟) using the self-consistent potential 𝑈𝑆𝐶(𝑟) from the Poisson’s equation as an input. The 

formalism will be introduced in the Section 2.1.2.1.  

The self-consistent procedure for a quantum mechanical simulation of FETs consists of following 

steps [148]: 

1. All the operators are discretized by setting FDM for a given FET structure.  

2. An initial guess value of Usc(𝑟) is given to initiate self-consistent loop (e.g., a potential Usc(𝑟) 

of flat band condition, or the final potential of the previous simulation, which possibly has 

the closest solution to the self-consistent potential of the new simulation) 

3. For a given Usc(𝑟), a suitable Hamiltonian, H, can be written for the device and then contact 

self-source/drain energy matrices are computed, respectively. 

4.  Considering all above information, the retarded Green’s function is calculated, which leads 

to charge density matrix. 

5. The computed charge density in the previous step is fed into the Poisson’s equation to 

calculate the self-consistent potential, Usc(𝑟). 

6. Steps 3–5 will be continued until the error between the new and the previous potential 

energies becomes less than a certain criterion. 
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7. Finally, the current through the device is calculated from the converged self-consistent 

potential and charge.  

 

 

Figure 2.1 Self-consistent diagram showing an iteration between the transport and the Poisson’s 

equation [148]. 

 

2.1 Transport 

2.1.1 Semi-classical Transport Simulations 

2.1.1.1 Drift-Diffusion Transport 

Carrier transport of micron or sub-micron FETs can be accurately calculated by conventional carrier 

transport models. They basically stem from the Boltzmann transport equation (BTE) by involving a 

few simplifying closure approximations [149]. They primarily describe scattering-dominant transport, 

which is usual in long channel devices. However, carrier transport in nanoscale devices is in quasi-

ballistic transport regime [150], and therefore, such classical models may not be suitable to predict 

device performance and describe underlying physics of nanoelectronics [151], [152].  

The classical BTE is a complex integro-differential equation. It is based on collective viewpoint 

instead of individual particle picture and formulates an equation for 𝑓(𝑟, �⃗⃗�, 𝑡), which is the Fermi 

distribution function under equilibrium at position 𝑟 , with momentum �⃗⃗� , at time 𝑡 , assuming a 

Newtonian movement of the particles. The Boltzmann transport equation (BTE) is provided with 
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 𝜕𝑓

𝜕𝑡
+ �⃗� ∙ ∇𝑟𝑓 −

𝑞�⃗⃗�

ℏ
∇𝑘𝑓 =

𝜕𝑓

𝜕𝑡
|
𝐶𝑜𝑙𝑙

 (2.1) 

where �⃗⃗� is the electric field and 𝜕𝑓

𝜕𝑡
|
𝐶𝑜𝑙𝑙

 is the collision term resulting solely from two-body collisions 

between particles which are assumed to be uncorrelated prior to the collision. In general, Equation (2.1) 

should be solved to find 𝑓.  

It is very difficult to obtain solution to the BTE without approximations such as a response matrix 

approach [153]. A method of directly solving the six-variable equation in the steady state was proposed 

[154]. However, as we mentioned earlier, the BTE describes carrier dynamics in a classical approach, 

quantum mechanical phenomena in nanoscale devices can be hardly captured in the solutions. 

Furthermore, a non-degenerate distribution function is typically used to simplify the scattering operator 
𝜕𝑓

𝜕𝑡
 when solving the equation [154]. This approximation breaks Pauli’s exclusion principle, which is 

obviously essential in describing the scattering of a highly degenerate carrier gas within extremely short 

channel transistors. 

Semiclassical descriptions based on the solution of the BTE can be categorized as Monte-Carlo (MC) 

and drift-diffusion (DD) transport. MC provides statistical solution of BTE and has been widely 

employed for the study of transport in semiclassical approaches in traditional semiconductors. It utilizes 

statistics to track the path of classical particles in between random scattering events that change the 

particle’s path and the particles are treated quantum-mechanically using Fermi’s golden rule. 

On the other hands, DD has been one of the most popular approximations to calculate transport in 

conventional semiconductor devices [155], [156]. Based on BTE approximated under the relaxation 

time, DD can be derived from current equation defined as summation of drift current and diffusion 

current density (𝐽 = 𝐽𝑑𝑟𝑖𝑓𝑡 + 𝐽𝑑𝑖𝑓𝑓 ). Electron current density is 𝐽𝑛 = 𝑞𝑛𝜇𝑛�⃗⃗� + 𝑞𝐷𝑛∇𝑛 , while hole 

current density is 𝐽𝑝 = 𝑞𝑝𝜇𝑝�⃗⃗� − 𝑞𝐷𝑝∇𝑝, where 𝑞, 𝑛, 𝑝, 𝜇𝑛 , 𝜇𝑝 , �⃗⃗�, 𝐷𝑛 , and 𝐷𝑝  are single electron 

charge, electron and hole concentration, field effect electron and hole mobility, electric field, electron 

and hole diffusion coefficients, respectively. 𝜇𝑛/𝑝 and 𝐷𝑛/𝑝 are functions of electric field. Density-of-

states through Fermi-Dirac integral of 𝑛  and 𝑝  enter into the model as materials description 

information. Current density can be obtained by the current equations with help of continuity equation 

introducing a time-dependent variation of the carrier densities, which is defined as: 𝑑𝑝

𝑑𝑡
= −

1

𝑞
∇ ∙ 𝐽𝑝 −

𝑅 + 𝐺  for n-type transistors, and 𝑑𝑛

𝑑𝑡
=

1

𝑞
∇ ∙ 𝐽𝑛 − 𝑅 + 𝐺  for p-type transistors, where R and G are 
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recombination and generation rate, respectively. By assuming steady-state condition and no net 

generation rate, left-hand sides of the continuity equations become zero, resulting in ∇ ∙ 𝐽𝑛 = 0 and ∇ ∙

𝐽𝑝 = 0, meaning that current densities at every position in the device are equal. Next, the drift-diffusion 

equations are discretized by finite difference method (FDM). Finally, by using numerical iterative or 

direct methods, the discretized equations are computationally solved for charges and current densities.  

Commonly, DD is a proper model to calculate charge transport based on diffusive regime in 

microscale device [157], [158]. While the electron gas is assumed to be in thermal equilibrium with the 

lattice temperature (Tn = TL) in the DD approach, electrons gain energy from the field and the 

temperature Tn of the electron gas increases in the presence of a strong electric field. Since the pressure 

of the electron gas is proportional to nkBTn, the driving force now becomes the pressure gradient rather 

than merely the density gradient. This introduces an additional driving force, namely, the temperature 

gradient besides the electric field and the density gradient. This is called hydrodynamic (HD) model 

whose current is rewritten as 𝐽 = 𝐽𝑑𝑟𝑖𝑓𝑡 + 𝐽𝑑𝑖𝑓𝑓 + 𝜌𝐷𝑇∇𝑇𝑛 , where 𝜌 is charge concentration, 𝐷𝑇  is 

thermal diffusivity, and 𝑇 is temperature. When electric field is very high in the device, MC method 

can be replaced with HD which has been employed to investigate dependence of transport in graphene 

at high-field on different substrates [159]. 

2.1.1.2 Top of the Barrier Model 

In DD transport model, electrons drift and diffuse from source to drain due to electrical field and charge 

concentration gradient. While electrons are moving, those are bothered by numerous scattering events 

relaxing their momentum and energy. The scattering effects are considered in DD model by mobility 

and diffusion coefficient. On the other hand, in the ballistic regime, it is assumed that the electrons 

travel in the channel without any obstacles which scatter electrons’ movements, resulting in no loss of 

momentum or energy. At the same time, energy barrier in the channel modulated by gate bias still 

obstruct path of the electrons. If the energy of the barrier is higher than their energy, they are simply 

reflected back. Otherwise, the electrons reach the drain with probability of 100%. This model still treats 

the carriers as semi-classical particles since effect of any quantum effect such as interferences and 

tunneling are entirely disregarded. The local density-of-states within the device is just that of a bulk 

semiconductor but pulled up or down by the local electrostatic potential. This approximation works 

well only when the electrostatic potential does not vary too rapidly. It is obvious that the critical energy 

which determines transmission of the carriers is the maximum barrier height in the channel, and thus it 

is called the “top of the barrier model”.  
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To evaluate the electron density along the channel position within the ballistic device we should 

compute two terms: one for the states filled from the source and another for the states filled from the 

drain. 

 𝑛(𝑥) = ∫𝑑𝐸[LDOS𝐿(𝑥, 𝐸)𝑓𝐿(𝐸) + LDOS𝑅(𝑥, 𝐸)𝑓𝑅(𝐸)] (2.2) 

where, LDOS𝐿/𝑅(𝑥, 𝐸) are local density-of-states at energy 𝐸, fillable from source or drain within the 

device, which is just that of a bulk semiconductor but shifted up or down by the local electrostatic 

potential. The density-of-state contains summation over spin states. For diffusive transport, a single 

density-of-states is treated and it is filled depending on a source quasi-Fermi level, but for ballistic 

devices, the density-of-states separates into parts fillable from each lead. The current flowing from 

source to drain (or drain to source) can be obtained by simply the transmission probability 𝑇(𝐸) at 

energy 𝐸 times the Fermi distribution of the source (drain). The total current in the device can be 

expressed as 

 𝐼 =
2𝑞

ℎ
∫𝑑𝐸𝑇(𝐸)[𝑓𝐿(𝐸) − 𝑓𝑅(𝐸)] (2.3) 

For Figure 2.2, 𝑇(𝐸) = 0 for 𝐸 < 𝐸𝑇𝑂𝑃 and 𝑇(𝐸) = 1 for 𝐸 > 𝐸𝑇𝑂𝑃. 
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Figure 2.2 (a) Schematics of a ballistic device with two contacts that function as reservoirs of thermal 

equilibrium carriers. Energy band diagram (b) under equilibrium conditions, and (c) under bias. 

Figures reprinted with permission from reference 159, © 2008, IEEE. 

 

 

 

 

Figure 2.3 Schematic structure of quantum transport in a device where the channel is connected to the 

source/drain contacts [148].   
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2.1.2 Quantum Transport Simulations 

2.1.2.1 Non-equilibrium Green's Function (NEGF) Transport 

To predict and explore device characteristics of nanoscale FETs, transport properties are investigated 

using the non-equilibrium Green’s function (NEGF) formalism [148], [160]–[166] under non-

equilibrium bias situations and open boundary conditions through contacts. The NEGF formalism has 

been adopted to investigate a variety of devices from conventional Si MOSFETs [167] to MOSFETs 

of new channel materials [168], or to carbon nano-tube FETs. In this section, the fundamentals of the 

NEGF formalism will be described briefly. 

Hamiltonian, H, which can describe the electronic properties (potential and kinetic energies) of the 

active material should be provided with the NEGF. In this study, H is described based on effective mass 

(EM) or tight-binding approximation (TB). The channel is connected to two-terminal conductors, 

source (S) and drain (D) (see Figure 2.3). Applied bias between the two contacts determines the 

difference of the electrochemical potential levels (𝜇𝑆  and 𝜇𝐷 ) and how electrons are thermally 

distributed in each contact through the Fermi function, fS/D. As an isolated channel is coupled to the S/D 

contacts, the discrete levels within the channel broaden into a continuous density-of-states. Coupling 

between the active channel and the S/D contacts is described by using appropriate self-energy matrices 

(Σ𝑆 and Σ𝐷). After getting H, Σ𝑆, Σ𝐷 , 𝜇𝑆 and 𝜇𝐷, we can calculate the retarded Green’s function [166] 

at a given energy as 

 G(𝐸) = [(𝐸 + 𝑖0+)𝐼 − 𝐻 − Σ𝑠 − Σ𝐷]−1 (2.4) 

where E is energy and I is the identity matrix, and 0+is an infinitesimal positive value. In the ballistic 

regime, the local density-of-states (LDOS) is given by spectral function [𝐴] = 𝑖[𝐺 − 𝐺+] = [𝐴𝑆] +

[𝐴𝐷], where 𝐴𝑆/𝐷 = 𝐺Γ𝑆/𝐷𝐺+, and Γ𝑆/𝐷 = 𝑖[Σ𝑆/𝐷 − Σ𝑆/𝐷
+ ] represents the energy level broadening due 

to the source/drain contacts. Then, the electron correlation function is expressed as 

 [G𝑛] = [GΓSG
+]𝑓𝑆 + [GΓ𝐷G+]𝑓𝐷   (2.5) 

which is used to obtain the charge density: 

 𝜌 =
1

2𝜋
∫G𝑛(𝐸)𝑑𝐸 (2.6) 
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This charge is given to the Poisson’s equation to calculate a new potential which will be the input of 

NEGF formalism. This iteration continues until it satisfies a criterion, which will be explained in detail 

in the Section 0. If 𝑓𝑠 = 𝑓𝐷 = 1, then all states are filled with electrons, and thereby [Gn] becomes 

LDOS. Subsequently, current at source or drain terminal per spin [166] is calculated as 

 𝐼𝑆/𝐷 = (𝑞/ℎ)∫ 𝐼𝑆/𝐷(𝐸)𝑑𝐸
+∞

−∞

 (2.7) 

where 𝐼𝑆/𝐷 = Trace[Γ𝑆/𝐷A]𝑓𝑆/𝐷 − Trace[Γ𝑆/𝐷𝐺n], and h is Planck's constant. 

2.1.2.2 Electronic States 

Hamiltonian matrix describes the fundamental electronic properties of the material and is key input to 

NEGF simulations. The Hamiltonian H consists of two parts [166]: isolated materials, H0, and the 

potential, U. 

 𝐻 = 𝐻0 + 𝑈 (2.8) 

In this section, three different approximations in the Hamiltonian matrix will be introduced. 

2.1.2.2.1 Effective Mass (EM) Approximation 

As the simplest approach, the effective mass (EM) method  can be adopted to discretize the Hamiltonian 

operator to the matrix [H]. Without using ab-initio or TB method, it is very difficult to describe exact 

Hamiltonian matrix of a material due to complexity of the band structure of TMDs in conduction and 

valence bands. The EM method offers a much more handful way to represent electronic properties of 

semiconductor since its description around the lowest (highest) energy levels close to conduction band 

(valence band) can be given with a parabola for n-type (p-type) semiconductors. For example, for an 

n-type semiconductor, this simple relationship can be expressed as [166] 

 ℎ(�⃗⃗�) = 𝐸𝑐 +
ℏ2𝑘2

2𝑚∗
 (2.9) 

where Ec and me are the conduction band minima and the effective mass of electrons, respectively, and 

𝑚∗ can be determined by fitting the parabola equation on to the band structure. Replacing �⃗⃗� with −𝑖∇⃗⃗⃗, 

Equation (2.9) can be changed to a differential equation which has the same energy eigenvalues easily 

written like this [166]:  
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 [𝐸𝑐 −
ℏ2

2𝑚∗
∇2] 𝑓(𝑟) = 𝐸𝑓(𝑟) (2.10) 

Plane wave solutions, 𝑓(𝑟) = exp (i�⃗⃗� ∙ 𝑟) , can be easily checked if those are eigenfunctions 

corresponding to eigenvalues, 𝐸(�⃗⃗�) = 𝐸𝑐 + (ℏ2𝑘2/2𝑚∗). Then, Equation (2.10) can be converted to 

the Hamiltonian matrix through the finite difference method, which is much simpler for computational 

calculation. For instance, H0 in 1D structure (see Figure 2.4) can be written as: 

 𝐻0 =

1     2    … 𝑁 − 1 𝑁

1
2
⋮

𝑁 − 1
𝑁 [

 
 
 
 
2𝑡0 −𝑡0 0 0

−𝑡0 2𝑡0 0 0

⋱
0 0 2𝑡0 −𝑡0
0 0 −𝑡0 2𝑡0 ]

 
 
 
 

 (2.11) 

where t0 is hopping energy, defined as 𝑡0 =
ℏ2

2𝑚∗𝑎2 where a is grid spacing. 
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Figure 2.4 The effective mass Hamiltonian matrix in 1D can be visualized as a 1D array of unit cells 

each with energy Ec + 2t0 bonded to its nearest neighbors by –t0. Figures reprinted with permission 

from reference 165, © 2005, Cambridge University Press. 

 

 

 

 

 

Figure 2.5 (a) A one-dimensional solid whose unit cell consists of two atoms. (b) Basic lattice defining 

the periodicity of the solid. Figures reprinted with permission from reference 165, © 2005, Cambridge 

University Press.   
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Figure 2.6 Schematic picture showing a unit cell n connected to its neighboring unit cells m by a matrix 

[Hmn] of size (b × b), b being the number of the basis functions per unit cell. Figures reprinted with 

permission from reference 165, © 2005, Cambridge University Press. 

 

2.1.2.2.2 Tight-Binding (TB) Approximation 

The TB method is a very powerful way to calculate E–k relation using an approximate set of the basis 

functions per unit cell. If we use N unit cells b basis per unit cell, we can write down  Hamiltonian 

matrix with size of Nb × Nb. To establish a general form of the TB Hamiltonian, let’s see an arbitrary 

unit cell n (Figure 2.6) surrounded by its neighboring unit cells m with the relationship described by 

matrix [Hnm] (size of b × b), where b is the number of the basis functions in one unit cell. If there are N 

number of unit cells in the structure and we divide [H] matrix (size of Nb × Nb) into a set of equations 

following a method used in a one-dimensional solid, the overall matrix equation is expressed as 

 𝐸{𝜙𝑛} = ∑[𝐻𝑛𝑚]{

𝑚

𝜙𝑚} (2.12) 

where {𝜙𝑛}  is a (b ×  1) column vector indicating the wavefunction in unit cell m and E is the 

corresponding eigenstate of the Schrödinger Equation. It is noticed that this equation can be solved if 

the solution is 

 {𝜙𝑛} = {𝜙0}𝑒
i�⃗⃗�∙𝑑𝑛⃗⃗ ⃗⃗⃗⃗  (2.13) 

This solution can be put into Equation (2.12) and be solved as 
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𝐸{𝜙0}𝑒
i�⃗⃗�∙𝑑𝑛⃗⃗ ⃗⃗⃗⃗ = ∑[𝐻𝑛𝑚]{

𝑚

𝜙0}𝑒
i�⃗⃗�∙𝑑𝑚⃗⃗ ⃗⃗ ⃗⃗ ⃗ 

𝐸 = ∑[𝐻𝑛𝑚]

𝑚

𝑒i�⃗⃗�∙(𝑑𝑚⃗⃗ ⃗⃗ ⃗⃗ ⃗−𝑑𝑛⃗⃗ ⃗⃗⃗⃗ ) 

(2.14) 

Therefore, 

 𝐸{𝜙0} = [ℎ(�⃗⃗�)]{𝜙0} (2.15) 

with  

 [ℎ(�⃗⃗�)] = ∑[𝐻𝑛𝑚]𝑒i�⃗⃗�∙(𝑑𝑚⃗⃗ ⃗⃗ ⃗⃗ ⃗−𝑑𝑛⃗⃗ ⃗⃗⃗⃗ )

𝑚

 (2.16) 

where the size of the matrix [ℎ(�⃗⃗�)] is b × b. This form is applied to any unit cell n. All the neighboring 

unit cells (including itself) which has an overlap (non-zero matrix) should be taken into consideration 

when the summation in Equation (2.16) is done. Then, same as a one-dimensional solid, the set of 

eigenvalues of [ℎ(�⃗⃗�)] for each value of �⃗⃗�  can be plotted as a E–k band structure. The number of 

eigenvalues per one �⃗⃗� value is equal to the number of basis function, b. Therefore, there will be b 

number of curves in the band structure plot. Also, as long as [Hnm] and the position vector, 𝑑𝑚
⃗⃗ ⃗⃗ ⃗⃗ − 𝑑𝑛

⃗⃗ ⃗⃗⃗, 

are achievable, we can make up a Hamiltonian matrix [H] which can be inserted to calculate the 

transport of the device in NEGF formalism which was explained details in the Section 2.1.2.1. 

In this thesis, three-band TB model involving the third nearest-neighbor (TNN) hoppings [169] is 

utilized for the device simulations. This is called “TNN TB” in the following, and it is greatly efficient 

way to build the Hamiltonian matrix for TMDs materials. In the TMDs MX2 (M = Mo, W; X = S, Se, 

Te), this model considers only the d orbitals as bases in the M atom, especially,𝑑𝑧
2, 𝑑𝑥𝑦, and 𝑑𝑥2−𝑦2  

orbitals. The model is sufficient to capture the band-edge properties in the ±K valleys, including the 

energy dispersions as well as the Berry curvatures, The TNN TB Hamiltonian matrix is obtained as 

 [𝐻𝑇𝑁𝑁(�⃗⃗�)] = [

𝑉0 𝑉1 𝑉2

𝑉1
∗ 𝑉11 𝑉12

𝑉2
∗ 𝑉12

∗ 𝑉22

] (2.17) 

in which 
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𝑉0 = 𝜖1 + 2𝑡0(2 cos𝛼 cos 𝛽 + 2 cos𝛼) + 𝜖1 + 2𝑟0(2 cos 3𝛼 cos 𝛽 + cos 2𝛽)

+ 2𝑢0(2 cos 2𝛼 cos 2𝛽 + cos 4𝛼) 
(2.18) 

 Re[𝑉1] = −2√3𝑡2 sin𝛼 sin𝛽 + 2(𝑟1 + 𝑟2) sin3𝛼 sin𝛽 − 2√3𝑢2 sin2𝛼 sin 2𝛽 (2.19) 

 
Im[𝑉1] = 2𝑡1 sin 𝛼 (2 cos 𝛼 + cos𝛽) + 2(𝑟1 − 𝑟2) sin3𝛼 cos 𝛽

+ 2𝑢1 sin 2𝛼 (2 cos 2𝛼 + cos 2𝛽) 
(2.20) 

 
Re[𝑉2] = 2𝑡2(cos 2𝛼 − cos 𝛼 cos 𝛽) −

2

√3
(𝑟1 + 𝑟2)(cos 3𝛼 cos𝛽 − cos 2𝛽)

+ 2𝑢2(cos 4𝛼 − cos 2𝛼 cos 2𝛽) 

(2.21) 

 
Im[𝑉2] = 2√3𝑡1 cos𝛼 sin𝛽 +

2

√3
sin𝛽 (𝑟1 − 𝑟2)(cos 3𝛼 + 2 cos 3𝛼)

+ 2√3𝑢1 cos 2𝛼 sin 2𝛽 

(2.22) 

 

𝑉11 = 𝜖2 + (𝑡11 + 3𝑡22) cos 𝛼 cos𝛽 + 2𝑡11 cos 2𝛼 + 4𝑟11 cos 3𝛼 cos 𝛽

+ 2(𝑟11 + √3𝑟12) cos 2𝛽 + (𝑢11 + 3𝑢22) cos 2𝛼 cos 2𝛽

+ 2𝑢11 cos 4𝛼 

(2.23) 

 
Re[𝑉12] = √3(𝑡22 − 𝑡11) sin 𝛼 sin𝛽 + 4𝑟12 sin 3𝛼 sin𝛽

+ √3(𝑢22 − 𝑢11) sin2𝛼 sin 2𝛽 
(2.24) 

 Im[𝑉12] = 4𝑡12 sin𝛼 (cos 𝛼 − cos 𝛽) + 4𝑢12 sin2𝛼 (cos 2𝛼 − cos 2𝛽) (2.25) 

 

𝑉22 = 𝜖2 + (3𝑡11 + 𝑡22) cos 𝛼 cos 𝛽 + 2𝑡22 cos 2𝛼 + 2𝑟11(2 cos 3𝛼 cos 𝛽 + cos 2𝛽)

+
2

√3
𝑟12(4 cos 3𝛼 cos𝛽 − cos 2𝛽) + (3𝑢11 + 𝑢22) cos 2𝛼 cos 2𝛽

+ 2𝑢22 cos 4𝛼 

(2.26) 

 (𝛼, 𝛽) = (
1

2
𝑘𝑥𝑎,

√3

2
𝑘𝑦𝑎) (2.27) 

where a is the lattice constant and 𝜖𝑗  is the on-site energy corresponding to each atomic orbital. There 

are multiple independent parameters in 𝐻𝑇𝑁𝑁(𝑘): 𝜖1, 𝜖2, 𝑡0, 𝑡1, 𝑡2, 𝑡11, 𝑡12, 𝑡22, 𝑟0, 𝑟1, 𝑟2, 𝑟11, 𝑟12, 𝑢0, 

𝑢1, 𝑢2, 𝑢11, 𝑢12, and  𝑢22.These parameters are determined by fitting the band structures on the first-

principles (generalized-gradient approximation) results. Since the low-energy physics near the ±K 

points are the most interested energy region for the device simulations, the band energies are fitted at 
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the points, with least-square fitting. For MoSe2 whose lattice constant, a = 3.326 Å, the obtained 

parameters are listed in Table 2.1 

 

 

Table 2.1 Fitted parameters (in units of eV) for the three-band TNN TB model based on the FP bands 

in generalized-gradient approximation case. 

  

𝜖1 𝜖2 𝑡0 𝑡1 𝑡2 𝑡11 𝑡12 𝑡22 𝑟0  
𝑟2 𝑟11 𝑟12 𝑢0 𝑢1 𝑢2 𝑢11 𝑢12 𝑢22 𝑟1 

0.684 1.546 -0.146 -0.130 0.432 0.144 0.117 0.075 0.039  

0.069 0.052 0.060 -0.042 0.036 0.008 0.272 -0.172 -0.150 -0.209 
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2.1.2.2.3 Modified Effective Mass (EM) Approximation 

According to the previous chapters, both EM and TB methods have their pros and cons. I propose a 

new methodology of ballistic quantum transport simulation based on EM approximation for TMDs 

FETs, providing accurate charge transport calculation and light computational calculation load at the 

same time. I thoroughly explain method to calculate new effective mass maintaining density-of-states 

(DOS) to improve accuracy of carrier transport. 

Simulation Method A simulation scheme of modified EM method is introduced based on original 

EM approximation since it provides significantly shorter calculation time compared to TB 

approximation. In the simulation, the drain current is calculated once self-consistency is achieved. The 

current equation can be written as a function of the transmission coefficient from the source contact to 

drain contact [166] as following 

 𝑇𝑆𝐷 = trace[Γ𝑆𝐺Γ𝐷𝐺†] (2.28) 

where G is retarded Green’s function, and Γ𝑆/𝐷 ≡ 𝑖(Σ𝑆/𝐷 − Σ𝑆/𝐷
† ). Σ𝑆/𝐷 is self-energy matrix for the 

source/drain contacts. Then, transmitted current is calculated analytically by flowing equation [170]:  

 𝐼[𝐸(𝑘𝑥)] =
𝑞

ℏ2
√

𝑚𝑦
∗ 𝑘𝐵𝑇

2𝜋3
{ℱ−1/2[𝜇𝑆 − 𝐸(𝑘𝑥)] − ℱ−1/2[𝜇𝐷 − 𝐸(𝑘𝑥)]}𝑇𝑆𝐷[𝐸(𝑘𝑥)] 

(2.29) 

where q, ℏ, 𝑚𝑦
∗ , 𝑘B, T, and ℱ−1/2, are the single electron charge, plank constant, electron effective mass 

along the transverse (y) direction, Boltzmann constant, temperature, and Fermi–Dirac integral 

accounting for all transverse mode contributions, respectively. The total current is achieved by 

summing over all conduction band valleys and integrating over all 𝐸(𝑘𝑥). According to the Equation 

(2.29), the transmitted current directly depends on effective mass along transverse direction,  𝑚𝑦
∗ , which 

means that the current is directly determined by shape of paraboloid of approximated band structure in 

the conduction band. With original isotropic effective mass, the contour has circular shape as shown in 

Figure 2.7(a) while, with modified anisotropic effective mass, for instance, decreased 𝑚𝑦
∗  and increased 

𝑚𝑥
∗ , the paraboloid becomes oval cup as shown in Figure 2.7(b), resulting in smaller transmitted current. 

Next, it would be handful to modulate value of the current by changing only 𝑚𝑦
∗  if the transmission 

coefficient is maintained. To do this, we should have same self-consistent effect on the electrostatic 
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potential with different effective mass. This can be realized through maintaining DOS by keeping DOS 

effective mass (𝑚𝑟 = √𝑚𝑥
∗𝑚𝑦

∗ ), according to [171]. 

Considering these, the simulation scheme consists of following steps: 

1. Given device structure and material parameters, we simulate FETs for plotting ID–VG 

characteristics based on EM approximations. 

2. Next, ON-state gate bias, VON, is determined by 𝑉𝑂𝑁 = 𝑉𝑂𝐹𝐹 + 𝑉𝐷𝐷 , where 𝑉𝑂𝐹𝐹  is OFF-state 

gate voltage which gives small current (generally 10−3–10−4 [A/m]), and 𝑉𝐷𝐷 is drain bias. 

3. Only at the VON, ID of the FET is simulated based on TB approximations. 

4. At the same VON, we calculate current ratio and get the modified effective mass in the y 

direction, 𝑚𝑌
∗  by the following equation:  

 𝑚𝑌
∗ = 𝑚𝑦

∗  ×  (
𝐼𝑇𝐵|𝑉𝑂𝑁

𝐼𝐸𝑀|𝑉𝑂𝑁

)

2

 (2.30) 

 current ratio (𝐼TB|𝑉ON
/𝐼EM|𝑉ON

) can be larger or less than 1 since ID–VG curve of EM can be 

whether underestimated or overestimated than that of TB as shown in Figure 2.7 (c).  

5. Effective mass in the x direction also should be changed maintaining DOS by the following 

equation: 

 𝑚X
∗ =

𝑚𝑟
2

𝑚Y
∗  (2.31) 

6. Simulate full ID–VG characteristics with new effective mass, 𝑚X
∗  and 𝑚Y

∗  

Electronic properties of monolayer MoSe2 have been described by three-band TNN TB 

approximation [169], and EM approximation which is calculated by fitting following equation to the 

conduction band minima (CBM) valley along transport and transverse directions of band structure 

plotted by the TB approximations.  

 E =
ℏ2𝑘2

2𝑚∗
 (2.32) 
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Figure 2.7 Top-view of paraboloids of approximated band structure at conduction band minima by 

effective mass method at k space with (a) original isotropic effective mass and (b) modified anisotropic 

effective mass. (c) Simplified ID–VG characteristics based on TB method (solid blue line), and 

overestimated (red dashed line) and underestimated (green dashed line) EM methods. 

 

 

 

Figure 2.8 Linear and logarithmic ID–VG characteristics of monolayer (a) MoSe2 and (b) black 

phosphorous FETs based on effective mass (red dashed curve) and tight-binding (blue solid curve) 

approximations  
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Figure 2.9 (a) Density-of-states of MoSe2 and black phosphorous based on EM (dashed curve) and TB 

(solid curve). (b) Energy band diagram (EC) of monolayer MoSe2 FETs based on original effective mass 

and tight-binding methods. The first Brillouin zone of (c) MoSe2 and (d) black phosphorous. 
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Band gaps of MoSe2 in the both approximations are 1.43 eV. Carrier transport is calculated by the 

NEGF method based on TB, EM, and modified EM approximations, which is calculated iteratively 

with the Poisson’s equation until both charge density and electrostatic reach self-consistence values 

[166]. For TB method along transverse direction, periodic boundary condition is applied and the charge 

and current are calculated by summing up all transverse modes along the direction considering grid 

spacing of the sub bands. Due to relatively short channel length, ballistic transport regime is assumed, 

ignoring scattering effect. In solving electrostatics, the Neumann boundary conditions are applied for 

the doped contacts (source and drain). The simulated nominal device structure has following 

parameters: active channel material is monolayer MoSe2. Channel length and source/drain lengths are 

15 nm and 10 nm, respectively. Gate oxide is 3.2-nm-thick HfO2 (𝜅 = 25) with double gate geometry. 

Power supply voltage of 𝑉𝐷𝐷 = 0.5 V is applied, and room temperature is assumed. 

Results Figure 2.8 (a) shows transfer characteristics of monolayer MoSe2 FET based on EM 

approximation which is compared with TB approximation counterpart. EM results in much higher both 

ON (VON = 0.85 V) and OFF current (VOFF = 0.35 V) than TB by 308.2% and 213.3%, respectively. To 

check if the large difference in current is observed only for MoSe2, same device simulations are 

followed with black phosphorous (BP) for active channel layer. As shown in Figure 2.8(b), transfer 

characteristics of BP based on EM is exactly matched with TB counterpart. This large current difference 

which can be observed in only MoSe2 not BP is attributed to difference of DOS in EM and TB. Figure 

2.9 (a) exhibits analytically calculated EM DOS (= 𝑚∗𝑆/2𝜋ℏ2) and numerically calculated TB DOS 

from E–k band structure, for both materials. While DOS of BP is almost identical each other, that of 

MoSe2 shows huge difference in EM and TB, especially energy range above 0.16 eV. Due to this 

difference, conduction band minima (Ec) potential profile by EM is deviated from that by TB as shown 

in Figure 2.9(b), meaning that TB needs more robust self-consistent effect to push down the potential 

profile due to larger DOS than that of EM. This is because the electronic states approximation with 

greater DOS requires more number of electrons in degenerately doped source and drain regions to 

widen the energy gap between electrochemical potential and conduction band minima (𝜇𝑆/𝐷 − 𝐸𝐶). 
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Direction Transport (Γ → K) Transverse (near K) 

MoSe2 
Original 0.4923 0.4984 

Modified 4.6728 0.0525 

WTe2 
Original 0.2539 0.2567 

Modified 0.3830 0.1702 

Table 2.2 Effective mass calculated by original and modified effective mass approximations for MoSe2 

and WTe2. Unit is m0, single electron mass. 

 

 

Figure 2.10 Transfer characteristics of MoSe2 FETs. (a) Linear and logarithmic I–V characteristics with 

tight-binding (TB) and modified effective mass (EM) approximations. (b) ION as function of ION/IOFF 

ratio, and (c) transconductance (gm) with TB, original EM, modified EM. (d) Error of original EM and 

modified EM methods from TB method. TB, original EM, and modified EM methods are represented 

as blue solid curve, red dashed curve, and green dashed curve with circles, respectively, in (a), (b), (c), 

and (d).   
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Another origin that causes the current difference is deviated curvatures in the band structure. As you 

can see in the Figure 2.9(c), conduction band valleys of TMDs are located at K points and there are two 

full valleys within the 1st Brillouin zone (BZ). Since the conduction band valleys plotted by TB at the 

K points are not reflectional symmetric, EM value is extracted by fitting a parabola to the curvature 

only along transport direction not along opposite direction, resulting in inevitable discrepancy between 

the EM curve and the TB curve (𝐾′ point of Figure 2.9(c)). On the other hand, for BP, its curvature by 

EM can be well matched with TB counterpart because the conduction band valley is located at Γ point 

as shown Figure 2.9(d).  

Table 2.2 includes original and modified EM for MoSe2 and WTe2 as result of the scheme that 

introduced in the simulation method. Figure 2.10(a) is transfer characteristics of MoSe2 FETs based on 

TB and modified EM in Table 2.2. These two ID–VG curves are perfectly matched each other at both 

ON and OFF states. The overall performance of the device based on the two approximations can be 

evaluated by ON current (ION) vs. ON/OFF current ratio (ION/IOFF) as shown in Figure 2.10(b). At common 

ION of 400 𝜇A/𝜇m, ION/IOFF of original EM is 9.31 × 106 which is 43 times larger than that of TB, 

2.14 × 105. However, ION/IOFF of modified EM is 2.85 × 105  which is almost same as that of TB. This 

fact indicates that device simulation for carrier transport by modified EM can sufficiently reproduce 

transfer characteristics of MoSe2 FETs by TB method. Transconductance, gm, is plotted in Figure 

2.10(c). Like ION vs. ION/IOFF, gm of modified EM is well matched with TB counterpart, which implies 

that ON state characteristics can be simulated with high accuracy by employing this scheme. To 

investigate how much accuracy has been enhanced, error of original EM and modified EM from TB 

were calculated. Error at ON state is calculated by Erorr = (𝐼𝐸𝑀 − 𝐼𝑇𝐵)/𝐼𝑇𝐵 × 100, and error at OFF 

state was evaluated by logarithmic scale equation, Error = (log10 𝐼𝐸𝑀 − log10 𝐼𝑇𝐵)/ log10 𝐼𝑇𝐵 × 100 

due to exponential variation of current. As shown in Figure 2.10 (d), while error of original EM is small 

having less than 10% at OFF-state, at ON-state, it is large within range of 130–240%. This large deviation 

of current can be significantly improved by using modified EM, giving error less than 5%. 

Figure 2.11 (a) is conduction band potential profile of both original and modified EM. Those are 

perfectly matched each other due to same density-of-states effective mass. This indicates that self-

consistent effects of both approximations are identical, however, it does not mean both gives same 

current. Due to reduced effective mas along transverse direction, electron transport of original EM is 

diminished to modified EM which is as much as that of TB as shown energy-resolved current spectrum 

Figure 2.11(b). 
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Figure 2.11 (a) Energy band diagram (EC) of MoSe2 FETs based on original (red dashed curve) and 

modified (green solid curve) EM methods, and (b) their corresponding energy-resolved current 

spectrums in addition to that by TB method (dashed blue curve). 

 

Figure 2.12 Transfer characteristics of WTe2 FETs. (a) Linear and logarithmic I–V characteristics with 

tight-binding (TB), original, and modified effective mass (EM) approximations. (b) ION as function of 

ION/IOFF ratio, and (c) transconductance (gm) with TB, original EM, modified EM. (d) Error of original 

EM and modified EM methods from TB method. TB, original EM, and modified EM methods are 

represented as blue solid curve, red dashed curve, and green dashed curve with circles, respectively, in 

(a), (b), (c), and (d).   
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This scheme can be further expanded to other types of TMDs material where energy band valleys 

are located at K points thereby EM approximation results in deviation of current calculation from TB 

approximation. As an instance of TMDs, WTe2 was chosen for device simulation. Like MoSe2 case, 

ID–VG and ION vs. ION/IOFF of modified EM are exactly overlapped with those of TB as shown in Figure 

2.12(a)(b). Figure 2.12(c) displays gm of the modified EM, which is well matched with that of TB at 

the VG less than 0.8 V. Due to numerical convergence limitations of ballistic transport NEGF 

simulations at high VG, a few unmatched gm points can be observed at VG above 0.8 V. Errors of EM 

approximations are also calculated in Figure 2.12 (d). Errors of original EM, which is calculated from 

Figure 2.12(a), are improved by modified EM at ON state from ~25% to ~1%. 

In summary, a scheme for enhancing accuracy of current calculation in TMD FETs simulations based 

on EM approximation is introduced. Even though EM approximation gives highly quick simulation 

procedure, it gives low accuracy for current calculation. By maintaining density-of-states effective mass 

and modifying transverse direction effective mass, 𝑚𝑦
∗ , the simulated current can be improved 

analytically with accuracy as much as TB approximation. There are two origins causing the inaccuracy 

of EM approximation for TMDs FETs simulation: 1) too simplified DOS and 2) insufficient description 

of energy band structure by EM method. This was explained by DOS and E–k band structure of BP and 

MoSe2. With modified EM, MoSe2 and WTe2 FETs simulations were done revealing that this scheme 

can exactly reproduce TB simulation in transfer characteristics, ION vs. ION/IOFF, 𝑔𝑚 , and energy 

resolved current spectrum. Not only high accuracy and fast simulation time, one of the benefits of this 

scheme is that it can be applied to any 2D materials which give large difference in current calculation 

in case that either EM current is larger or smaller than TB current. 
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Figure 2.13 Geometry of a thin body double-gate FET. Simulation calculates only a region enclosed by 

the solid line. a and b are spatial constants along the X and Z directions, respectively [165]. 

 

2.2 Electrostatics 

In this section, we will cover how to solve the Poisson’s equation numerically by considering general 

2D Poisson solver based on the FDM and by applying it to a double-gate MOSFET as an example. 

Figure 2.13 is the device structure used in this section for the solution. 

The following equation is the Gauss’s law for any electrostatic system 

  (2.33) 

where ,  and , are the electric flux density, position vector , and charge density 

function, respectively. This expression can be converted to a generalized form of the Poisson’s equation 

by substituting constitutive relation  and electric field  assuming 

uniform dielectric function with the form  

  (2.34) 

where , , and  is dielectric constant, permittivity of free-space, and potential function, 

respectively. Figure 2.13 has mesh inside where grid of spatial points, [m, n] and potential functions, 

Vm,n are located at the point. Let a and b be mesh spacings in the X and Z directions, respectively. There 

are total NX  NZ lattice nodes in the integration range of the Poisson’s equation, where NX and NZ are 

a

b



 

 46 

the number of nodes in the X and Z directions, respectively. Since the NX × NZ equations are required 

to get the same number of unknowns, Equation (2.34) is converted to get the equations for all internal 

nodes, while equations for boundary nodes are obtained using boundary conditions, either Neumann or 

Dirichlet. For illustrating one node [m, n] (row m and column n) in internal nodes, the FDM is used for 

the spatial derivatives. Next, the Poisson’s equation is to be expanded by the partial derivatives: 

 
𝜕2𝑉𝑚,𝑛

𝜕𝑥2
+

𝜕2𝑉𝑚,𝑛

𝜕𝑧2
= −

𝜌𝑚,𝑛

𝜀0𝜀𝑟
 (2.35) 

where 𝜌𝑚,𝑛 is charge density at node [m, n]. 

Along the x and z directions, the left-hand side of the Equation (2.35) becomes 

 𝜕2𝑉𝑚,𝑛

𝜕𝑥2
+

𝜕2𝑉𝑚,𝑛

𝜕𝑧2
≈

𝑉𝑚,𝑛+1 − 2𝑉𝑚,𝑛 + 𝑉𝑚,𝑛−1

𝑎2
+

𝑉𝑚+1,𝑛 − 2𝑉𝑚,𝑛 + 𝑉𝑚−1,𝑛

𝑏2
 (2.36) 

Plugging the equation into Equation (2.35) gives us 

 

𝑎

𝑏
𝑉𝑚−1,𝑛 +

𝑏

𝑎
𝑉𝑚,𝑛−1 − 2(

𝑎

𝑏
+

𝑏

𝑎
)𝑉𝑚,𝑛 +

𝑏

𝑎
𝑉𝑚,𝑛+1 +

𝑎

𝑏
𝑉𝑚+1,𝑛

= −
𝑎𝑏

𝜀
𝑞(𝑛 − 𝑝 + 𝑁𝐷 − 𝑁𝐴)𝑚,𝑛 

(2.37) 

Where right-hand side, 𝜌𝑚,𝑛 = 𝑞(𝑛 − 𝑝 + 𝑁𝐷 − 𝑁𝐴)𝑚,𝑛 , considers electron/hole charge and doping 

concentration on the nodes. In simulation work in Chapter 5, ND, and NA are assumed to be zero due to 

practical difficulty of doping on 2D materials. Then, we solve for Vm,n to find 

 
𝑉𝑚,𝑛 =

𝑎𝑏

2(𝑎2 + 𝑏2)
[
𝑎

𝑏
𝑉𝑚−1,𝑛 +

𝑏

𝑎
𝑉𝑚,𝑛−1 +

𝑏

𝑎
𝑉𝑚,𝑛+1 +

𝑎

𝑏
𝑉𝑚+1,𝑛

+
𝑎𝑏

𝜀
𝑞(𝑛 − 𝑝 + 𝑁𝐷 − 𝑁𝐴)𝑚,𝑛] 

(2.38) 

For node [m, n] in oxide/channel interface, 𝜀 = 𝜀𝑜𝑥/𝜀𝑐ℎ. For the nodes located at the interface, Equation 

(2.37) becomes  

𝑎

𝑏
𝑉𝑚−1,𝑛 +

𝑏

2𝑎
(1 +

𝜀𝐵𝑜𝑡

𝜀𝑇𝑜𝑝
)𝑉𝑚,𝑛−1 − (

𝑎

𝑏
+

𝑏

𝑎
)(1 +

𝜀𝐵𝑜𝑡

𝜀𝑇𝑜𝑝
)𝑉𝑚,𝑛 +

𝑏

2𝑎
(1 +

𝜀𝐵𝑜𝑡

𝜀𝑇𝑜𝑝
)𝑉𝑚,𝑛+1 

+
𝑎

𝑏

𝜀𝐵𝑜𝑡

𝜀𝑇𝑜𝑝
𝑉𝑚+1,𝑛 = −

𝑎𝑏

𝜀𝑇𝑜𝑝
𝑞(𝑛 − 𝑝 + 𝑁𝐷 − 𝑁𝐴)𝑚,𝑛 

(2.39) 
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where 𝜀𝑇𝑜𝑝  and 𝜀𝐵𝑜𝑡  are dielectric constants for the materials above the interface and below the 

interface [165]. Equations (2.37) and (2.39) indicate that one Vm,n is determined by only charge at [m, 

n] node and the voltage at the four nearest neighbors around it. Figure 2.14 exhibits graphical depiction 

of these nodes, which is called the computational molecule. 

 

 

Figure 2.14 A computational molecule for the five-pointed star [172]. 

 

Next, the equations for all boundary nodes will be considered. Two of the most common forms of 

boundary conditions are the Dirichlet and the Neumann boundary conditions. The former can be written 

as 

 𝑉(𝑟) = 𝑓(𝑟)      (𝑟 ∈ Ω𝐷) (2.40) 

where the Ω𝐷 is the set of all nodes which satisfy the Dirichlet condition [172]. This condition forces 

specific points on the grid to be the potential function, f(r). At the gate contact in our example, 

substituting Ω𝐷  with a set of nodes at the interface between the gate electrode and the oxide, the 

numerical equation can be easily written as, 

 𝑉𝑚,𝑛 = 𝑉𝐺 (2.41) 

where VG is the gate bias voltage. 
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On the other hand, if the derivative of the potential function with respect to the outward unit normal 

vector to the boundary is known, the Neumann boundary condition can be used, which is defined as 

 𝜕𝑉(𝑟)

𝜕𝐧
= 𝑓′(𝑛)     (𝑟 ∈ Ω𝑁) (2.42) 

where n is the surface unit normal vector, and 𝑓′ is the set of known derivatives [172]. The left-hand 

side is called the normal derivative. This boundary condition enables the contact potentials to be correct 

values that satisfy charge neutrality in the contact regions. Fixing the known derivatives, 𝑓′ to 0.0 V/m 

in our case [165], 

 

𝑉𝑚,𝑛 − 𝑉𝑚±1,𝑛 = 0 for the top and bottom edges, 

𝑉𝑚,𝑛 − 𝑉𝑚,𝑛±1 = 0 for the left and right edges, 

2𝑉𝑚,𝑛 − (𝑉𝑚+1,𝑛 + 𝑉𝑚,𝑛±1) = 0 for the two corner nodes along the top edge, and 

2𝑉𝑚,𝑛 − (𝑉𝑚−1,𝑛 + 𝑉𝑚,𝑛±1) = 0 for the two corner nodes along the bottom edge. 

(2.43) 

At the boundaries except gate and source/drain contacts, we assume the same zero electric field 

condition.  

Now, the solution over the all voltage node Vm,n can be represented as a simple matrix-vector equation 

since the node is just linearly dependent on its four nearest neighbors as shown Equations (2.37) and 

(2.38). By building vector x to contain all of the voltage samples within the domain [172]: 

 𝐱 = [𝑉1,1 𝑉1,2 𝑉1.3 … 𝑉𝑚,𝑛−1 𝑉𝑚,𝑛 𝑉𝑚,𝑛+1 … 𝑉𝑁𝑍 ,𝑁𝑋 ]𝑇 (2.44) 

we can write the entire problem as a matrix-vector equation form: 

 𝐀𝐱 = 𝐛 (2.45) 

where b is a vector containing all the information about any charge densities and boundary conditions. 

Solution vector x can be finally calculated by obtaining the matrix A. 

 𝐱 = 𝐀−1𝐛 (2.46) 

Among various numerical methods to obtain inverse of the large size matrix A, lower–upper (LU) 

decomposition was used for the simulation which will be introduced for next chapters. 
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Chapter 3 Analysis on Trap States in p-type MoSe2 Phototransistors 

3.1 Introduction 

As introduced in the Chapter 1, TMDs have been used for various applications these days from 

switching to sensing devices. In particular, TMDs are intriguing for optoelectronic devices due to the 

large photoresponsivity in the monolayer form. On the other hand, it is known that the 

photoillumination effects of multilayer TMDs have been significantly limited due to its inherent 

indirect band gap. For instance, monolayer MoS2 phototransistors showed a photoresponsivity of 880 

A/W [142] whereas multilayer MoS2 devices have shown much lower photoresponsivity in the order 

of 100 mA/W [136], [137], even though they can provide high field-effect mobility (> 100 cm2/V ∙ s) 

and good subthreshold swing (~70 mV/decade) [130], [173]. An advanced local-gate device geometry 

was adapted for multilayer MoS2 phototransistors to enhance the photoresponsivity [174]. 

Nevertheless, multilayer TMDs have clear advantages over their monolayer counterparts for practical 

applications. For example, multilayer MoS2 has three times the higher density-of-states than that of 

monolayer MoS2, which can produce extensively large current in a ballistic regime [136], [175]. In a 

scattering regime, driven current is also boosted due to multiple conducting channels created by field-

effects in multilayer MoS2. Moreover, multilayer MoS2 provides a wider spectral response than that of 

monolayer MoS2 − from ultraviolet (UV) to near infrared (NIR) wavelengths − due to its narrower band 

gap, which can be advantageous in a variety of photodetector applications [176].   

Furthermore, multilayer TMDs are suitable for large-area production which can be processed by 

CVD. At the early stage of investigation on exotic electronic and mechanical properties of TMDs, 

atomically thin flakes were prepared by using scotch tape assisted exfoliation or electrochemical 

intercalation from pristine bulk crystals [177]–[179]. However, several critical issues remain ahead 

before such TMD flakes are integrated into complex circuits, since large-area coverage and systematic 

control of the film thickness are not offered by the above methods. Thus, in order to implement their 

attractive properties into a large-area integrated circuit, reproducible large-area production of 2D 

layered semiconductors is necessary. Recently, there are some reports on the thermal CVD of large-

area multilayer MoS2 [180]–[182]. Among several TMDs materials, I and my collaborators chose 

MoSe2 as a semiconducting material due to its own advantageous properties. One of the advantages of 

MoSe2 over MoS2 is a higher photoresponsivity in solar spectrum range compared to that of MoS2 due 

to the higher optical absorption of the material [115] due to the quantum confinement effect during the 
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band gap transition [183], which implies that the advanced device structure may not be required for 

MoSe2 phototransistors to achieve high sensitivity.  

In this regard, multilayer MoSe2 thin-film phototransistors were fabricated by using CVD by Kim et. 

al in Sungkyunkwan University. Then, device performance of CVD-grown multilayer MoSe2 TFTs is 

explored by temperature-dependent analysis which extracts density of sub-gap states. The active 

channel layer was grown by CVD for large-area device production and, optical characteristics of the 

fabricated devices demonstrated large photoresponsivity (93.7 A/W) and reasonably large field-effect 

mobility (~10 cm2/V ∙ s), which could be due to existence of trap state in the band gap.  
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Figure 3.1 Thin-film transistor based on the CVD-grown multilayer MoSe2. (a) A 3D schematic 

structure for TFT based on multilayer MoSe2 film. (b) A 3D topography AFM image of the hexagonal 

MoSe2 TFT with a channel length of 6.35 . (c) Transfer characteristics (IDS–VGS) and field-effect 

mobility ( eff) of the MoSe2 TFT as function of gate bias (–60  VGS  60 V at VDS = 1 V). (d) Output 

characteristics of the respective device (–20  VDS  0 V, –40  VGS  15 V in steps of ). 
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3.2 Experimental Results and Theoretical Analysis 

Experimental fabrication, measurement, and characterization in this chapter were done by my 

collaborators, Chulseung Jung, Hyunseong Moon, Young Ki Hong, Jozeph Park, Seung Min Kim, 

Junyeon Kwon, and Inturu Omkaram in Professor Sunkook Kim’s group in Sungkyunkwan University. 

Figure 3.1(a) shows a three-dimensional (3D) schematic of the fabricated MoSe2 TFT device. The 

electrodes are composed of Ti as an adhesion layer and Au. Figure 3.1(c) is measured transfer 

characteristics (IDS–VGS) of the device and extracted mobility (𝜇𝑒𝑓𝑓) values are plotted as function of 

same VGS range. 𝜇𝑒𝑓𝑓  was calculated using the following relationship; 𝜇𝑒𝑓𝑓 = 𝑔𝑚𝐿/(𝑊𝐶𝑂𝑋𝑉𝐷𝑆) , 

where L is the channel length (~6.35 μm), W is the channel width (~2.12 μm), 𝐶𝑂𝑋 is the capacitance 

of the gate insulator per unit area, and 𝑉𝐷𝑆  the applied drain-source voltage (1 V). The maximum 

transconductance, 𝑔𝑚 , is approximately 54 μS. The devices have predominant p-type characteristic 

with ambipolar behavior, with the highest 𝜇𝑒𝑓𝑓  being approximately 10 cm2/V ∙ s  and an ON/OFF 

current ratio of ~103. The output characteristics (IDS–VDS) (Figure 3.1(d)) was measured in the negative 

VDS range, which also displays clear p-type behaviors. 

It is noteworthy that the characteristics of MoSe2 TFTs is p-type, although n-type behavior is 

common for MoSe2 TFTs in most recent studies [184], [185]. Here, it is hypothesized that the band 

structure of as-grown multilayer MoSe2 is varied by a large density of trap sites created by an annealing 

process during the CVD growth. A recent study reported that anion vacancies in TMDs such as MoS2, 

MoSe2, and WSe2 can be generated by irradiation with thermal annealing at sub-decomposition 

temperature (~600 °C) [53]. Analogously, since our decomposition temperature (~650 °C) was reached 

after the CVD growth for 10 min, we can expect that Se vacancies was possibly generated in the 

multilayer MoSe2. Such defects may also significantly affect the electrical behavior through Fermi level 

pinning at the interface between the source/drain metal lead and the MoSe2, making the theoretical 

model of the Schottky barrier height (Φ𝐵𝑛 = Φ𝑚 − 𝜒, where Φ𝑚 and 𝜒 are the metal work function 

and the semiconductor’s electron affinity, respectively) incorrect prediction [186], [187].  
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Figure 3.2 Temperature-dependent behavior and density-of-state measurement according to the Meyer–

Neldel rule. (a) Transfer characteristics with temperatures from 300 to 400 K in steps of 10 K at VDS = 

0.1 V. (b) Temperature dependence of the drain current (IDS) as a function of 1/kBT. (c) Activation 

energy (Ea) extracted using the Meyer–Neldel rule as a function of gate voltage. (d) Density of sub-gap 

states calculated for the p-type MoSe2 TFT as a function of energy above the valence band (EV). A large 

density can be observed ~ 0.35 eV above EV 
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In order to extract the sub-gap states, a temperature-dependent analysis was performed [188], [189]. 

Figure 3.2(a) shows the 𝐼𝐷𝑆 − 𝑉𝐺𝑆  characteristics at different temperatures between 𝑇 = 300  and 

400 K. Figure 3.2(b) depicts the thermally activated current at different 𝑉𝐺𝑆 values, as a function of 

1/𝑘𝐵𝑇 (where 𝑘𝐵  is the Boltzmann constant). The Arrhenius equation is used to describe the current 

response to the temperature as 𝐼𝐷𝑆 = 𝐼𝐷𝑆,0exp (−𝐸𝑎/𝑘𝐵𝑇), where 𝐼𝐷𝑆,0  is a prefactor and 𝐸𝑎  is the 

activation energy [188]. The variation of 𝐸𝑎 at different gate voltages is shown in Figure 3.2(c), from 

which the density of sub-gap states can be obtained by 𝑁(𝐸) = (𝐶𝑜𝑥/𝑞)(𝜕𝐸𝑎/𝜕𝑉𝐺𝑆)
−1, where q is the 

elementary charge. Figure 3.2(d) shows a large density of sub-gap states in the band gap near 𝐸𝑉 +

0.35 eV (𝐸𝑉 being the valence band maximum), which is 0.07 – 0.2 eV below the midgap energy (𝐸𝑚), 

since the band gap of bulk MoSe2 is reported to be 0.84 – 1.1 eV [183], [190], [191]. Therefore, at the 

Ti/Au metal–MoSe2 junction, Fermi level pinning [192] caused by the gap states is expected to occur 

in such a way that the Schottky barrier height for holes becomes smaller (Φ𝐵𝑝 ≈ 𝐸𝑔/2 − 0.14 eV) than 

that for electrons (Φ𝐵𝑛 ≈ 𝐸𝑔/2 + 0.14 eV), resulting in p-type-dominant ambipolar behavior as shown 

in Figure 3.2(c). 

 

 

 

Figure 3.3 Photoresponsive behavior of multilayer MoSe2 TFT. (a) Comparison of transfer 

characteristics (IDS–VGS) in the dark and under illumination with varying optical power densities. (b) 

Responsivity of the device as a function of the same optical power densities used in (a) in logarithmic 

scale in the ON (VGS  = –65 V) and OFF (VGS = 20 V) regions.   
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Now, the photoresponse of the TFTs were measured to explore the optoelectronic properties of 

multilayer MoSe2 by my collaborators. Transfer characteristics under illumination of 638 nm 

wavelength as function of 𝑉𝐺𝑆 at various incident power intensities (from 20 to 2,560 mW/cm2) are 

shown in Figure 3.3(a). 𝑉𝐷𝑆 is 1 V. One of the most significant figure of merits is photoresponsivity 

defined as 𝑅 = 𝐼𝑝ℎ/𝑃𝑖𝑛𝑐𝑆, where 𝐼𝑝ℎ (= 𝐼𝑡𝑜𝑡𝑎𝑙 − 𝐼𝑑𝑎𝑟𝑘 ) is the photo-induced photocurrent, S is the 

channel area of the device, and 𝑃𝑖𝑛𝑐  (W/cm2) = 𝑃𝑡𝑜𝑡/𝐴𝑙𝑎𝑠𝑒𝑟 (𝐴𝑙𝑎𝑠𝑒𝑟 is the area of laser spot) is the 

incident power density. Figure 3.3(b) depicts dependence of photoresponsivity on incident power 

density. Photoresponsivity is maximized (𝑅 = 93.7 A/W) at 𝑉𝐺𝑆 = −65 V with the lowest incident 

power density. Remarkably, the R is significantly high value for MoSe2 TFTs, considering that the 

channel layers were grown by CVD.  It is also comparable to mechanically exfoliated MoSe2 TFT 

counterpart [142], [193]–[195]. Recently, it was reported that photoresponsive properties of TMDs 

were enhanced by the trap sites related to the anion vacancies which correspond with energy levels 

located in band gap. Large density of sub-gap states in as-grown multilayer MoSe2 was calculated by 

our temperature-dependent measurements (Figure 3.2), which can be the key cause of the large 

photoresponsivity. 

3.3 Conclusion 

We investigated to find origin of the p-type behavior and high photoresponsivity of phototransistors 

based on CVD-grown MoSe2 multilayers. It turns out there are intense density of sub-gap states in as-

grown multilayer MoSe2. The special growth method for MoSe2 by CVD was supposed to induce Se 

vacancies in MoSe2. Such defects are believed to be the origin of the observed ambipolar conduction 

in our multilayer MoSe2 TFTs, through the Fermi level pinning at the metal-MoSe2 semiconductor 

interface. This was confirmed by large density-of-states in band gap, measured and calculated by 

temperature-dependent analysis. Furthermore, enhanced photoresponsivity of 93.7 A/W were shown, 

indicating that the boosted photoresponsivity is due to the Se vacancies and corresponding quantified 

large amount of the gap-states in the multilayer MoSe2. However, mechanism coupling the large 

density-of-states and the high photoresponsivity is still unclear. Thus, further theoretical investigation 

such as analytical modeling or numerical simulation might be required for in-depth understanding for 

underlying physics of the optical behaviors of the MoSe2 phototransistors.  
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Chapter 4 Models for Optical Properties of MoSe2 Phototransistors 

4.1 Introduction 

In the previous chapter, I introduced important advantages of multilayer TMDs phototransistors over 

monolayer counterparts in terms of large density-of-states, multiple conducting channels, and wider 

spectral response. In this regard, the multilayer MoSe2 phototransistors were fabricated by CVD which 

is able to provide large-area production of 2D layered semiconductors unlike scotch tape exfoliation 

method. The device performance exhibited p-type semiconducting behaviors, and large density of in-

gap states were extracted from the channel material to analyze the behaviors. In addition, large 

photoresponsivity was characterized, which could be attributed to the existence of the large density-of-

states in the band gap. However, clear relation between the trap states and the large optical gain is still 

missing. In this chapter, the main mechanisms to boost the photoresponsivity of the multilayer MoSe2 

phototransistors is investigated by analytical modeling. The devices used in this chapter were fabricated 

through CVD under Mo-rich condition by same collaborator introduced in the previous chapter. The 

CVD-grown multilayer MoSe2 phototransistors exhibit significantly larger photoresponsivity than 

naturally obtained multilayer TMDs phototransistors by orders of magnitude. This was successfully 

analyzed by physically modeling two main photoillumination effects; photoconductive (PC) and 

photogating (PG) effects.  
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Figure 4.1 (a) A device structure of a CVD-grown multilayer MoSe2 phototransistor. (b) Transfer (IDS– 

VGS) characteristics of the (a) at VDS = 1 V (black) and 10 V (red). (c) Output characteristics (IDS–VDS) 

of (a) 

 

 

 

Figure 4.2 Photoresponsive characteristics of synthetic MoSe2 and natural MoS2 phototransistors. (a) 

Transfer characteristics (IDS–VGS) of a MoSe2 phototransistor with dark and illumination conditions. Its 

wavelength and incident optical densities are 405 nm and range of 20 to 1,280 mW/cm2, respectively. 

(b) Comparison between measured (open symbols) and modeled (dashed lines) photoresponsivity (R) 

as a function of Pinc with varying wavelengths (405, 438, and 852 nm) for MoSe2 phototransistor, and 

with a wavelength of 405 nm for MoS2 phototransistor (stars and green dashed line). A maximum value 

in the curve for MoSe2 phototransistors is 103.1 A/W at Pinc = 20 mW/cm2 and ex = 405 nm.   

(a) (b) (c)
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4.2 Experiments 

Like Chapter 3.2, all fabrications, measurements, and characterizations introduced in this chapter were 

conducted by my collaborators, Junyeon Kwon, Seongin Hong in Professor Sunkook Kim’s group in 

Sungkyunkwan University. The multilayer MoSe2 was grown by atmospheric pressure chemical vapor 

deposition (APCVD) in Mo-rich condition. My collaborator clearly observed distinct interstitial atoms 

from aberration corrected high-resolution transmission electron microscopy (HRTEM) image. Each 

layer is stacked following the ABABAB sequence, which is consistent with the X-ray diffraction 

(XRD) and Raman spectroscopy analyses, confirming that the whole APCVD-grown MoSe2 has a 2H 

hexagonal structure. A total of 5 layers of 2H stacking structure are clearly identified with braces and 

corresponding italicized characters, and a couple of interstitial atoms were found between a- and b-

layers and also another group of interstitials between b- and c-layers. The collaborator confirmed that 

the interstitials observed by the aberration corrected HRTEM images are Mo atoms through density 

functional theory (DFT). In this regard, it can be hypothesized that the Mo-interstitials might be the key 

origin of the large photoresponsivity of the multilayer MoSe2 phototransistors. 

A schematic structure for the synthetic CVD-grown multilayer MoSe2-based phototransistor is 

shown in Figure 4.1(a). First, device characteristics in dark were investigated by measuring current–

voltage characteristics at VDS = 1 V (black) and 10 V (red) shown in Figure 4.1(b). It shows a clear n-

type behavior with a large ON/OFF current ratio (ION/IOFF) of ~105 and a large mobility of 97.4 cm2/V ∙

s. Figure 4.1(c) is the measured output characteristics (IDS–VDS) of our device for gate voltages (VGS) 

from –20 to 10 V. The curve shows a linear region at low VDS, indicating Ohmic contact between MoSe2 

and source/drain (S/D) contacts. 

Illumination effects on the transfer characteristics of the multilayer MoSe2 TFT at VDS = 1 V is shown 

in Figure 4.2(a). Incident optical power densities, Pinc, is ranged from 20 to 1,280 mW/cm2 at an 

excitation wavelength ( ex) of 405 nm. Under light illumination of Pinc = 1,280 mW/cm2, both the ON 

and OFF currents are greatly amplified from the dark state by 0.5 and 2.5 orders of magnitude, 

respectively. Figure 4.2(b) shows the photoresponsivity, R, the ratio of photocurrent to the incident 

power, as a function of the incident optical power densities at ex = 405, 638, and 852 nm (square, circle 

and triangle symbols, respectively). The maximum photoresponsivity is 103.1 A/W at Pinc = 20 

mW/cm2 and ex = 405 nm, which is larger than that of multilayer MoS2 phototransistors where the 

semiconductor material is obtained by mechanical exfoliation approach from natural bulk MoS2. (green 

star in Figure 4.2(b)) by ~ 40 times.  
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4.3 Modeling 

The observation of the large photoresponsivity led us to consider influence of the Mo-interstitials on 

the large current, and investigate the mechanisms of photoillumination effects. The photocurrent can 

be categorized by two groups: photoconductive (PC) effect (Iph,PC) and photogating (PG) effect (Iph,PG). 

PC effect is induced by increased conductivity of the channel material due to photo-induced excess 

carriers, which are generated electron-hole pairs under light illumination. The consequent photocurrent 

is calculated in a classical manner as 

  𝐼𝑝ℎ,𝑃𝐶 = (
𝑊

𝐿
)𝑉𝐷𝑆𝛥𝜎 (4.1) 

where W, L, VDS, and  are the width and length of the device, source-drain voltage, and conductivity 

increase due to light illumination, respectively [196]. 

On the other hand, PG effect is due to a threshold voltage shift under illumination, which can be 

expressed as Iph,PG = 𝑔𝑚𝛥Vth where 𝑔𝑚 is transconductance in the dark and 𝛥Vth is the threshold voltage 

shift caused by accumulated or trapped holes and barrier lowering [197]. The accumulation is attributed 

partly to the presence of the source-channel junction which obstructs the flow of excess holes into the 

source in the valence band. On the contrary, excess electrons in the conduction band can easily move 

from the channel to the drain. In addition, trap states can capture the excess holes, resulting in the 

suppressing of the potential barrier and the promotion of electron injection from the source, as shown 

in Figure 4.3.  

 

 

Figure 4.3  A schematic energy band profile, referring the mechanism of the photogating (PG) effect. 

Electrons and holes are denoted by filled and open circles, respectively.   
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Figure 4.4 Photoconductive Effect by Hornbeck–Haynes model (a) Energy-resolved DOS in atomically 

thin MoS2. CB (VB) is the conduction (valence) band. EF, Fermi level is closed to CB if MoSe2 exhibits 

n-type behavior. Band tail states are placed underneath (above) the conduction (valence) band edge that 

traps electron (hole) charge. The VB-DOS is assumed to be mirror-symmetric to the CB-DOS. It is 

assumed that the recombination happens through mid-gap states with an empirical (constant) rate 1/𝜏r. 

(b) Simplified energy band diagram representing the model of the charge trapping in PC effect. The 

VB tail is approximated by a discrete distribution of hole traps with density Pt (occupied by pt). 1/𝜏t, 

and 1/𝜏g are the hole trapping and escaping rates, respectively. Figure reprinted with permission from 

reference 196, © 2014, American Chemical Society. 

  

(a) (b)
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4.3.1 Photoconductive Effect 

To calculate the conductivity increase due to illumination, a modified Hornbeck–Haynes model [198]–

[200] (see Figure 4.4) is used as 

  =  𝑞 (
𝑛

+ 
𝑝
) 𝑝 +  𝑞

𝑛
𝑝𝑡 (4.2) 

where q, n, p, p and pt are the electron unit charge, electron and hole mobility, excess hole density 

in the valence band and the density of captured holes in the band tail states, respectively [196]. The 

conductivity of the material with the trap states is higher than that without trap states by amount of 

𝑞
𝑛
𝑝𝑡. Carrier dynamics are described by the differential equations: 

 
𝑑∆𝑝

𝑑𝑡
= 𝑔 −

∆𝑝

𝜏𝑟
+

𝑝𝑡

𝜏𝑔
−

∆𝑝

𝜏𝑡
(1 −

𝑝𝑡

𝑃𝑡
) (4.3) 

 
𝑑𝑝𝑡

𝑑𝑡
= −

𝑝𝑡

𝜏𝑔
+

∆𝑝

𝜏𝑡
(1 −

𝑝𝑡

𝑃𝑡
) (4.4) 

where g (= Pabs / h ) is the generation rate of electron-hole pairs and r is carrier recombination 

lifetime.  and h  are internal quantum efficiency and single photon energy, respectively. Pabs is the 

absorbed power density, given by 𝑃𝑖𝑛𝑐 [1 − (𝑒−𝛼⊥𝑑 + 𝑒−𝛼∥𝑑)/2], where Pinc, 𝛼⊥, 𝛼∥, and d are power 

density of the incident optical illumination, absorption coefficient in the vertical/lateral direction, and 

thickness of channel material, respectively. Pt is the total trap density, and t and g and are the trapping 

and escaping time of holes into and from the trap states, respectively [196]. These equations can be 

solved by 𝑑∆𝑝/𝑑𝑡 = 𝑑𝑝𝑡/𝑑𝑡 = 0 for an equilibrium state, resulting in 

 𝑝 =  𝑔 𝑟  (4.5) 

 
𝑝𝑡 =

g𝑃𝑡𝜏𝑟

g𝜏𝑟 + 𝑃𝑡 (
𝜏𝑡
𝜏𝑔

)
 (4.6) 
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4.3.2 Photogating Effect 

The PG effect is modeled with the threshold voltage shift ( Vth) due to the accumulated or trapped 

holes and potential barrier lowering (𝛥𝜙𝑏 ), considering that Vth is proportional to 𝛥𝜙𝑏  (Iph,PG = 

𝑔𝑚𝛥Vth) [197]. The barrier lowering can be modeled as 

 𝛥𝜙𝑏 = 𝑛
𝑘𝐵𝑇

𝑞
ln (

𝑞𝑝

𝜏𝑒𝑓𝑓𝐽𝑝𝑑
) (4.7) 

where kB, T, Jpd, 𝜏𝑒𝑓𝑓 , and n are the Boltzmann constant, temperature, dark hole current, effective 

lifetime, and a constant accounting for the saturation effect, respectively [201]. Equation (4.7) is derived 

from calculating the number of holes, p 

 
𝑝

𝜏𝑒𝑓𝑓
=

𝐽𝑝𝑑

𝑞
+

𝑃𝑖𝑛𝑐𝜂

ℎ𝜈
+

𝑝𝑡

𝜏𝑔
 (4.8) 

where 𝐽𝑝𝑑

𝑞
, 𝑃𝑖𝑛𝑐𝜂

ℎ𝜈
 and 𝑝𝑡

𝜏𝑔
 correspond to background carriers (in a dark condition), excess carriers in the 

valence band due to the illumination, and trapped holes in sub-gap states, respectively. For n-type 

transistors considered in this study, we assumed Jpd is less than the dark electron current density (Jnd) 

by three orders of magnitude. Considering hole accumulation, barrier lowering, and threshold voltage 

shift all together, the photogating current can be determined by 

 𝐼𝑝ℎ,𝑃𝐺 = 𝑔𝑚𝛥𝑉𝑡ℎ = 𝜒𝐵𝐿𝑔𝑚

𝑘𝐵𝑇

𝑞
𝑙𝑛 (1 +

𝑃𝑖𝑛𝑐𝜂𝑞

ℎ𝜈𝐽𝑝𝑑
+

𝑝𝑡𝑞

𝜏𝑔𝐽𝑝𝑑
) (4.9) 

where 𝜒𝐵𝐿 is barrier-lowering efficiency, the only fitting parameter for the PG effect, which is directly 

related to the trap density and also to the wavelength of the incident light. 
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Figure 4.5 Separated Iph,PG (solid lines) and Iph,PC (dashed lines) from Iph used to plot Figure 4.2(b) (the 

same colors are used as in Figure 4.2(b) for various wavelengths). The symbols are taken from the 

measurements in the OFF-states (VGS = –40 V) at Figure 4.2(a) for Iph,PC. 

 

 

 Pt r t / g 

MoSe2 5×1010 /cm2 150 ps 1/1,000 

MoS2 3×1010 /cm2 8 ns 1/100 

Table 4.1 Fitting parameters for photoconductive current 

 

 

 MoSe2 MoS2 

405 nm 638 nm 852 nm 405 nm 

𝛼⊥ 28.3×104 /cm 1.22×104 /cm 4.88×103 /cm 26.6×104 /cm 

𝛼∥ 103.4×104 /cm 10.3×104 /cm 1.37×104 /cm 87.1×104 /cm 

Table 4.2 Absorption coefficient for MoSe2 and MoS2 [202].   
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4.3.3 Results 

Based on the models developed above, we analyzed the measurement data to validate the model. First 

we have calculated Iph,PC with Equation (4.1) and plotted it in Figure 4.5 (dashed lines) by fitting 𝜏𝑟 , 

𝜏𝑡 𝜏𝑔⁄ , and Pt with experimental data (symbols; obtained from Figure 4.2 (a) in the OFF-state, 𝑉𝐺𝑆 =

−40 V), resulting in fitting parameters shown in Table 4.1. g of 10 ns and 1 ns are assumed for MoSe2 

and MoS2, respectively, which will be used later to evaluate PG effect. 

W/L is 8.3 m / 13.1 m for MoSe2; 63 m / 15.1 m for MoS2. The mobilities of 97.4 cm2/V ∙ s 

and 16.6 cm2/V ∙ s  are extracted from the experiments and used for MoSe2 and MoS2 TFTs, 

respectively. The internal quantum efficiency is chosen as 𝜂  = 0.5, 0.5, and 0.07 for 𝜆𝑒𝑥   = 405, 638, 

and 852 nm, respectively, by fitting the measurements. Absorption coefficients (𝛼) corresponding to 

the materials and the wavelength are written in Table 4.2 and thickness of channel materials is d = 60 

nm for MoSe2 and 40 nm for MoS2. 

Then, the measured photoresponsivity is fitted with the models in Figure 4.2(b) (dashed lines), where 

both Iph,PC and Iph,PG are considered (Iph = Iph,PC + Iph,PG), by introducing a parameter 𝜒BL describing 

barrier-lowering efficiency. We have used 𝜒𝐵𝐿 = 25, 19.5, 9 for λex = 405, 638, 852 nm, respectively, 

and 𝑔𝑚 = 4.55 × 10–7 S for MoSe2; 𝜒𝐵𝐿 = 2.5 at λex = 405 nm and 𝑔𝑚 = 6.64 × 10–7 S for MoS2. The 

fitted values of 𝜒𝐵𝐿 suggest that the trap density in MoSe2 is significantly larger than that of MoS2, 

which is consistent with Pt values determined for the PC  effect above. Lastly, we obtained Iph,PG by 

subtracting Iph,PC from Iph and plotted it in Figure 4.5 (solid lines) to compare it against Iph,PC. 

Interestingly, our result indicates that, although the PC current is larger in MoS2, the synthetic MoSe2 

shows a significantly larger PG effect, resulting in remarkably higher photoresponsivity in the MoSe2 

TFTs. Notably, Iph,PG is larger than Iph,PC by 92 times in MoSe2 at Pinc = 20 mW/cm and ex = 405 nm, 

whereas Iph,PG/Iph,PC of MoS2 remains much lower for the entire range of Pinc considered. The fitted 

parameters (𝜏𝑟 , 𝜏𝑡 𝜏𝑔⁄ , Pt, 𝜒𝐵𝐿) indicate that a greater number of states exists energetically deeper in 

the band gap region for the synthetic MoSe2, resulting in shorter recombination lifetime (hence smaller 

Iph,PC) and longer escaping lifetime for holes from the trap states (hence larger Iph,PG), compared to those 

in natural multilayer MoS2 phototransistors. 
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4.4 Conclusion 

In conclusion, two key photoillumination effects were analytically modeled to understand underlying 

physics behind optical device characteristics of the multilayer MoSe2 phototransistors. The device was 

fabricated by CVD under Mo-rich condition, resulting in very large photoresponsivity which is mainly 

due to photoconductive (PC) and photogating (PG) effects. PC effect is current increase by conductivity 

increase due to generated excess electron–hole pairs, which was modeled based on modified Hornbeck–

Haynes model. PG effect is amplification of current due to suppression of energy barriers by trapped 

or accumulated holes. Both models successfully fitted on the experimentally measured 

photoresponsivity of the fabricated multilayer MoSe2 phototransistor as function of light power 

intensity, and compared each other, demonstrating that PG effect is much larger than PC effect, and 

takes the most of part of the photogain while the difference is relatively smaller for MoS2 case. Some 

parameters were fitted indicating that the large photoresponsivity of MoSe2 phototransistors is due to 

long escaping time of holes from the trap states. The modeling analysis provided better understanding 

of photoillumination effects and connection between trap states induced by Mo interstitials and large 

optical response, which could be utilized for the further investigation by device simulation in the next 

chapter.  
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Chapter 5 Simulation for Optical Properties of MoSe2 Phototransistors 

5.1 Introduction 

Previously, optical characteristics of MoSe2 phototransistors were mathematically modeled. However, 

the approach has the adapted modelling schemes [196] suitable for bulk semiconductor devices, while 

developing a model for photoexcitation in these sub-nanometer thin devices requires the use of highly 

accurate quantum transport simulations. Other works have simulated monolayer MoS2 photodetectors 

using a drift-diffusion transport, which disregards any quantum effects. This has been done by 

calculating hole accumulation though potential confinement in the valence band [203], or by solving 

for the electromagnetic response and carrier transport in the spatial and frequency/time domains [204]. 

In this chapter, we present a comprehensive numerical simulation of monolayer MoSe2 

phototransistors based on the quantum transport, especially, NEGF. The PC effect is included using a 

modified Hornbeck–Haynes [196], [205] leading to conductivity enhancement. The PG effect is 

implemented through a trap model which describes the capture and emission of holes with respect to 

trap states close to valence band, and we explain its inclusion into the NEGF simulator. When these 

effects are studied separately, it is found that the photogating effect is the dominant method for 

photoexcitation in this material. We investigate this by analyzing energy band diagrams after 

modulating the electrostatics though control of the gate voltage, and observing the resulting variation 

in the concentration of captured holes in the trap sites. Finally, we report the dependence of key 

photosensing figures of merit on material properties such as total trap concentration, capture cross-

section, and recombination carrier lifetime. 
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Figure 5.1 A schematic of the device geometry for a simulated MoSe2 phototransistor. A region 

enclosed by red dashed lines is effective region simulated in this study. 

 

Figure 5.2 Self-consistent simulation scheme. NEGF, trap model and Poisson modules are calculated 

iteratively until converged.   
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5.2 Simulation Methodology 

5.2.1 Device Simulation 

Figure 5.1 exhibits a device schematic of a simulated phototransistor where the channel is monolayer 

MoSe2 with a band gap of 𝐸𝑔 = 1.43 eV. The nominal device has a single back gate with 50-nm channel 

length (𝐿𝑐ℎ) and 2.59 nm-thick SiO2 gate oxide (dielectric constant of 𝜅SiO2
= 3.9). Source and drain 

are Schottky contacts with Schottky barrier height of ΦBn = 0.1 eV , which is non-zero value 

considering significant metal-induced gap states at Schottky contact between metal and 2D materials, 

and not too large value due to almost linear behavior of output characteristics at low drain voltage as 

shown in Figure 4.1(c). Source is grounded and drain voltage is VD = VDD with the power supply voltage 

of VDD = 0.5 V. 

The overall self-consistent simulation scheme is shown in Figure 5.2, in which three modules are 

connected: namely, the NEGF for carrier transport [166] (see Figure 5.2 for equations), the Poisson’s 

equation for electrostatics, and the trap model module. Electronic properties of monolayer MoSe2 are 

described by the Hamiltonian matrix within an effective mass approximation (𝑚∗ = 0.5𝑚0, 𝑚0 being 

single electron mass). The electron concentration (𝑛𝑁𝐸𝐺𝐹) is produced in the NEGF module, but the 

hole concentration (𝑝𝑁𝐸𝐺𝐹) is assumed to be zero as it is negligible for an n-type transistor. Ballistic 

transport is assumed due to the relatively short channel length considered in this paper. The 

concentration of trapped electrons in the band gap (𝑛𝑡,𝑃𝐺) is calculated in the trap model using the 

electron concentration from the NEGF. Then, both 𝑛NEGF  and 𝑛t,PG  are provided to the Poisson’s 

equation to update the electrostatic potential as  

where 𝜀 , 𝑈 , 𝑁𝐷 , and 𝑁𝐴  are permittivity, potential energy, doping concentrations of donors and 

acceptors, respectively (both 𝑁𝐷 and 𝑁𝐴 are zero in this study). Even under the dark condition, the total 

concentration of electrons should be evaluated by considering both 𝑛𝑁𝐸𝐺𝐹 and 𝑛𝑡,𝑃𝐺 as gap states near 

the valence band will be still filled by electrons. Since trapped hole concentration (𝑝𝑡,𝑃𝐺) can be viewed 

as the concentration of unoccupied trap states, so it can be calculated as  𝑝𝑡,𝑃𝐺 = 𝑃𝑡 − 𝑛𝑡,𝑃𝐺  (𝑃𝑡 being 

total trap concentration). Therefore, the change in trapped hole concentration becomes  ∆𝑝𝑡,𝑃𝐺 =

 −∆𝑛𝑡,𝑃𝐺; under the light illumination, if the trapped hole concentration increases, it is equivalent to 

the loss of electrons in the trap states.  

 𝛻 ∙ (𝜀𝛻𝑉) = −𝑞[𝑁𝐷 − 𝑁𝐴 − (𝑛𝑁𝐸𝐺𝐹 + 𝑛𝑡,𝑃𝐺) + 𝑝𝑁𝐸𝐺𝐹] (5.1) 
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5.2.2 Trap Models 

As briefly explained in the introduction, in general, there are two main mechanisms that contribute to 

the photocurrent: PC and PG effects. Photocurrent (𝐼𝑝ℎ) is the increase in the total source-drain current 

(𝐼𝐷𝑆) under illumination with respect to the dark current (𝐼𝑑𝑎𝑟𝑘); 𝐼𝐷𝑆 = 𝐼𝑑𝑎𝑟𝑘 + 𝐼𝑝ℎ . In this study, the 

PG effect is incorporated directly in the self-consistent NEGF-Poisson iterations (through 𝑛𝑡,𝑃𝐺) while 

the PC effect should be taken into account separately: 

where 𝐼ph,PC is photoconductive current.  

5.2.2.1 Photoconductive Effect.  

Photoconductive current is attributed to conductivity increase (∆𝜎) by photo-induced excess carriers, 

which can be calculated by 

and ∆𝜎 is given by 

where 𝜇𝑛 , 𝜇𝑝 , ∆𝑛𝑃𝐶 , and ∆𝑝𝑃𝐶  are electron and hole mobility, photo-induced excess electron and hole 

density in the conduction and valence band, respectively. ∆𝑝𝑃𝐶  is expressed as 

at the steady state, where 𝑔 (= 𝜂𝑃𝑎𝑏𝑠/ℎ𝜈) is generation rate and 𝜏𝑟,𝑃𝐶  is carrier recombination lifetime. 

𝜂 and ℎ𝜈 are internal quantum efficiency and single photon energy, respectively. 𝑃𝑎𝑏𝑠 is the absorbed 

power density, given by 𝑃𝑖𝑛𝑐 [1 − (𝑒−𝛼⊥𝑑 + 𝑒−𝛼∥𝑑)/2], where 𝑃𝑖𝑛𝑐 is incident optical power density, 

𝑑 is the thickness of monolayer MoSe2, 𝑎⊥ and 𝑎∥ are the absorption coefficient in the vertical and 

lateral direction, respectively. In the presence of gap states near the valence band, charge neutrality 

under illumination gives rise to[196] 

where 𝑝𝑡,𝑃𝐶  is the trapped hole density. A modified Hornbeck–Haynes model [196], [205] is used to 

model 𝑝𝑡,𝑃𝐶 , which approximates valence band tail by a narrow distribution of states with 𝑃𝑡 at the trap 

energy 𝐸𝑡.[196], [205] Location of the Fermi level 𝐸𝐹 is assumed to be far above 𝐸𝑡. Thus, we can 

obtain the trapped hole density as [196], [205] 

 𝐼𝐷𝑆 = 𝐼𝑁𝐸𝐺𝐹 + 𝐼𝑝ℎ,𝑃𝐶  (5.2) 

 𝐼𝑝ℎ,𝑃𝐶 = (
1

𝐿𝑐ℎ
)𝑉𝐷∆𝜎, (5.3) 

 ∆𝜎 = 𝑞𝜇𝑛∆𝑛𝑃𝐶 + 𝑞𝜇𝑝∆𝑝𝑃𝐶 (5.4) 

 ∆𝑝𝑃𝐶 = 𝑔𝜏𝑟,𝑃𝐶  (5.5) 

 ∆𝑛𝑃𝐶 = ∆𝑝𝑃𝐶 + 𝑝𝑡,𝑃𝐶  (5.6) 
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where  and  are the trapping and escaping time of holes into and from the trap states, respectively, 

and  ratio can be evaluated by , where  is the effective 

density-of-states at the valence band edge ( ). Finally, Iph,PC can be obtained by using Equation (5.3)–

(5.7) along with the parameters provided in Table 5.1. 
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Table 5.1 Material parameters used for the MoSe2 phototransistor 

 

Figure 5.3 (a) Simplified energy band diagrams that illustrate occupation of electrons in the trap states 

at dark (left) and under illumination (right). EF is the Fermi level under equilibrium. Fn,light and Fp,light 

are quasi-Fermi levels for electrons and holes under illumination, created due to excess carriers. (b) 

Contour plot of occupational function for electrons ( ) at VG = 0.5 V in the band gap region. (c) 

e
EF

At dark Under illumination

e

e

e

e

e

e eee

e

e
e

EFn,light

EFp,light

(a) (b) (c)

  (5.7) 



 

 71 

Occupational function in the middle of the channel [at x = 25 nm, along the vertical black dashed line 

in (b)].   
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5.2.2.2 Photogating Effect 

The PG effect is the potential barrier modulation due to localized or trapped charge carriers at the 

channel–oxide interface [203], [206], [207] or material defects in a device [205]. In the IDS–VG 

characteristics, the PG effect can be observed with a threshold voltage shift (∆𝑉𝑡ℎ) under illumination. 

The current increase at a given voltage is frequently approximated as 𝐼𝑝ℎ,𝑃𝐺 ≈ 𝑔𝑚∆𝑉𝑡ℎ, where 𝑔𝑚  (=

𝑑𝐼𝐷𝑆/𝑑𝑉𝐺) is transconductance. On the contrary, in this paper, 𝐼𝑝ℎ,𝑃𝐺  is directly evaluated by means of 

the quantum transport simulation, considering the trapped holes as 𝑝𝑡,𝑃𝐺 = 𝑃𝑡(1 − 𝑓), where 𝑓 is the 

probability of electron occupation at a given trap state. 

Figure 5.3(a) illustrates the occupation of carriers in the trap states. At the dark state, most of the trap 

states below the 𝐸𝐹 are filled with electrons, while those above the 𝐸F are remained mostly empty (i.e. 

filled with holes). Under the illumination, the Fermi level splits into two due to the excess electrons 

and holes generated: quasi-Fermi level for electrons (𝐹n,light) and holes (𝐹p,light) (the right panel of 

Figure 5.3(a)). Consequently, most of trap states are empty above 𝐸𝐹𝑛,𝑙𝑖𝑔ℎ𝑡 and filled below 𝐸𝐹𝑝,𝑙𝑖𝑔ℎ𝑡. 

However, the occupation of carriers between the two quasi-Fermi levels can be affected by various 

factors such as carrier concentration, energy of trap states, capture cross sections, and total trap 

concertation. The statistics for the arbitrary distribution of traps under steady-state conditions under 

illumination can be derived by Shockley-Read expression [208]. 

To calculate concentration of electrons and holes in the trap states, electron capture (ra), electron 

emission (rb), hole capture (rc), and hole emissions rates (rd) are defined as [208]:  

where 𝑣𝑡ℎ, 𝑛𝐶 , 𝑝𝑉 are thermal velocity, free electron concentration in the conduction band, and free 

hole concertation in the valence band, respectively. 𝜎𝑛  and 𝜎𝑝  are electron and hole capture cross 

sections, which are assumed to be independent of energy. 𝑒𝑛 and 𝑒𝑝 are emission rate of electrons and 

holes from the trap states. Under the thermal equilibrium condition,  𝑟𝑎 = 𝑟𝑏 and 𝑟𝑐 = 𝑟𝑑, resulting in 

𝑒𝑛 = 𝑣𝑡ℎ𝜎𝑛𝑛0𝑒𝑥𝑝{(𝐸𝑡 − 𝐸𝐹0)/𝑘𝑇}  and 𝑒𝑝 = 𝑣𝑡ℎ𝜎𝑝𝑝0𝑒𝑥𝑝{(𝐸𝐹0 − 𝐸𝑡)/𝑘𝑇} . 𝑛0  and 𝑝0 are free 

electron and hole concentrations under the thermal equilibrium, which can be obtained by Fermi-Dirac 

integral for the order of 0 since the carriers are distributed in 2D material. Those are calculated as 𝑛0 =

 

𝑟𝑎 = 𝑣𝑡ℎ𝜎𝑛𝑛𝐶𝑃𝑡(1 − 𝑓) 

𝑟𝑏 = 𝑒𝑛𝑃𝑡𝑓 

𝑟𝑐 = 𝑣𝑡ℎ𝜎𝑝𝑝𝑉𝑃𝑡𝑓 

𝑟𝑑 = 𝑒𝑝𝑃𝑡(1 − 𝑓) 

(5.8) 

(5.9) 

(5.10) 

(5.11) 
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𝑁𝑐 𝑙𝑛[1 + 𝑒𝑥𝑝{(𝐸𝐹0 − 𝐸𝐶)/𝑘𝑇}]  and 𝑝0 = 𝑁𝑉 𝑙𝑛[1 + 𝑒𝑥𝑝{(𝐸𝑉 − 𝐸𝐹0)/𝑘𝑇}]  where 𝑁𝐶  is the 

effective density-of-states at the conduction band minima (𝐸𝐶). 𝐸𝐹0 is thermal equilibrium Fermi level 

assumed to be at the mid-gap in the monolayer MoSe2. Using the Eqs. (5.8)–(5.11), 𝑓 is obtained as 

[208]: 

which describes the probability of capturing electrons at if a trap state exists at a certain energy. Free 

electron concentration is calculated by 𝑛𝐶 = 𝑛𝑁𝐸𝐺𝐹 + ∆𝑛𝑝ℎ , where 𝑛NEGF is the electron concentration 

obtained from the NEGF module and ∆𝑛𝑝ℎ = 𝑔𝜏𝑟,𝑃𝐺/𝑑  is the generated electron concentration. 

Different values of recombination lifetime are employed for PC and PG effects since lifetime is a strong 

function of 𝑉𝐺  and one could be more dominant over the other at ON or OFF state.[209], [210] As 

aforementioned, the hole concentration is negligible at dark. Under illumination, 𝑝𝑉  becomes 𝑝𝑉 ≅

∆𝑝𝑃𝐺 = ∆𝑛𝑃𝐺 . Finally, the concentrations of captured electrons and holes are calculated by 𝑛𝑡,𝑃𝐺 =

𝑃𝑡𝑓 and 𝑝𝑡,𝑃𝐺 = 𝑃𝑡(1 − 𝑓). It should be noted that 𝑛𝑡,𝑃𝐺 and 𝑝𝑡,𝑃𝐺 are dependent of channel position x 

since 𝑛𝑁𝐸𝐺𝐹 is a strong function of x under non-equilibrium conditions (see Figure 5.3(b)). 

 

 

 

Figure 5.4 Transfer characteristics (IDS–VG) at dark (black dashed line) and under illumination (colored 

solid lines) with various incident optical power densities Pinc at a wavelength of 𝜆 = 405 nm 

considering (a) only the photoconductive effect and (b) only the photogating effect.   

 𝑓 =
𝑣𝑡ℎ𝜎𝑛𝑛𝐶  + 𝑒𝑝

𝑣𝑡ℎ𝜎𝑛𝑛𝐶  + 𝑒𝑛 + 𝑣𝑡ℎ𝜎𝑝𝑝𝑉 + 𝑒𝑝
 (5.12) 
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5.3 Results 

Figure 5.4(a) and (b) show the simulated IDS–VG characteristics under illumination by considering the 

PC and the PG independently (𝑃𝑖𝑛𝑐 = 20–1,280 mW/cm2 and wavelength of 𝜆 = 405 nm). While the 

PC effect can be clearly seen at low gate voltages, the PG effect exhibits significant impacts on the total 

current at high gate voltages. Consequently, photogating current 𝐼𝑝ℎ,𝑃𝐺  becomes significantly larger 

than 𝐼𝑝ℎ,𝑃𝐶  by over 400 times at 𝑉𝐺 = 0.8 V with 𝑃𝑖𝑛𝑐  = 20 mW/cm2. In practice, 𝐼𝑝ℎ,𝑃𝐶  and 𝐼𝑝ℎ,𝑃𝐺  

cannot be distinguished, and only the total 𝐼DS  can be measured regardless of the conditions of 

illumination and bias. Figure 5.5(a), (b), and (c) exhibit transfer characteristics of monolayer MoSe2 

phototransistors with 𝑃𝑖𝑛𝑐 = 20–1,280 mW/cm2 for three different wavelengths 𝜆 = 405, 638, and 

852 nm , respectively. The trend is exactly same as that in the experiment [205]. In general, 

photocurrent increases with larger 𝑃𝑖𝑛𝑐  and shorter 𝜆. This is because more excess carriers can be 

generated (larger generation rate). Similarly, shorter wavelength can result in a larger number of 

generated excess carriers due to the higher quantum efficiency and absorption coefficients, as listed in 

Table 5.1. The precise quantities could be extracted from optical light simulation [211], [212], which 

is beyond the scope of this study. It should be noted that significantly larger photocurrent can be 

achieved at high gate voltages compared to low gate voltages: 𝐼𝑝ℎ = 210.5 μA/μm at 𝑉𝐺 = 0.8 V; 

𝐼𝑝ℎ = 0.47 μA/μm at 𝑉𝐺 = −0.2 V. As discussed earlier, the dominant photoillumination mechanism 

at a high 𝑉𝐺 is the PG effect, the extent of which can be seen directly by plotting the threshold voltage 

shift (∆𝑉𝑡ℎ). Figure 5.5(d) shows the variation of ∆𝑉𝑡ℎ with the power density for the devices shown in 

Figure 5.5(a)–(c). At 𝑃inc = 20 mW/cm2, ∆𝑉𝑡ℎ is –0.4 V and –0.24 V for 𝜆 = 405 nm and 638 nm, 

respectively. As 𝑃𝑖𝑛𝑐  increase, ∆𝑉𝑡ℎ also gradually saturates to ∆𝑉𝑡ℎ = –0.45 V, at which the trap states 

are completely filled with holes due to the large power intensity with short wavelengths (more detail 

will be discussed in Figure 5.6 below). For 𝜆 = 852 nm, the threshold voltage shift is significantly 

smaller compared with the other two cases, and it reaches only –0.3 V at 𝑃𝑖𝑛𝑐 = 1,280 mW/cm2, 

indicating that there still exist rooms for the PG effect with unfilled trap states for holes to occupy. 
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Figure 5.5 Transfer characteristics (IDS–VG) at dark (black dashed line) and under illumination (colored 

solid lines) with various Pinc at the wavelength of (a) 405 nm, (b) 638 nm and (c) 852 nm. (d) Threshold 

voltage shift ∆Vth as a function of Pinc for the wavelength shown in (a), (b), and (c). 
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Figure 5.6 (a) A schematic illustration of the mechanism of the photogating effect. (b) (Left) Simulated 

energy band diagram at VG = 0.5 V at dark (dashed line) and under illumination (solid line) at Pinc = 20 

mW/cm2 and 𝜆 = 405 nm. (Right) Energy-resolved current spectrum at dark (dashed) and under 

illumination (solid).  

 

 

 

Figure 5.7 Change of (a) conduction band edge (|∆EC|) and (b) captured hole concentration (|∆pt,PG|) 

between the dark and the illumination states at the mid-channel at VG = 0.5 V, as a function of Pinc, for 

𝜆 = 405, 638, and 952 nm. 
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Next, we will investigate underlying physics of the PG effect to develop in-depth understanding of 

the relation among trapped carriers, threshold voltage shift and current increase. Figure 5.6(a) illustrates 

the PG processes in a schematic diagram: 1) Under the illumination, photons are absorbed by the 

channel material. 2) Electron-hole pairs are generated, resulting in excess carriers in the conduction and 

the valence band. 3) Due to the trap states existing near the valence band, the excess holes are captured 

into trap states, 4) lowering the potential barrier in the channel region. 5) Consequently, the Schottky 

barrier at the source-channel junction is significantly reduced, which triggers significant electrons 

injection and the current increase at a given gate voltage. If we consider the full IDS–VG characteristics 

at dark and under illumination, the current increase can be viewed as threshold voltage shift. In Figure 

5.6(b), we confirmed the PG process explained in Figure 5.6(a) using the numerical simulation. We 

have plotted the actual simulated energy diagram in Figure 5.6(b) at dark (dashed lines) and under 

illumination (solid lines) at 𝑉𝐺 = 0.8 V  with 𝑃𝑖𝑛𝑐 = 20 mW/cm2  and 𝜆 = 405 nm , which clearly 

shows the barrier lowering and the consequently reduced Schottky barrier at the source-channel 

junction. The change of current as function of energy is also shown in the right panel of  Figure 5.6(b). 

Therefore, the PG effect can be characterized in various ways through the variation of potential barrier 

(∆𝐸𝐶) or the change in captured hole concentration (∆𝑝𝑡,𝑃𝐺) as well as ∆𝑉𝑡ℎ. Figure 5.7(a) presents ∆𝐸C 

as a function of 𝑃inc for 𝜆 = 405 nm, 638 nm and 852 nm. The potential barrier lowering is due to the 

increase of trapped holes. The difference in the concentration of the trapped holes between at dark and 

under illumination (∆𝑝𝑡,𝑃𝐺 = 𝑝𝑡,𝑃𝐺,𝑙𝑖𝑔ℎ𝑡 − 𝑝𝑡,𝑃𝐺,𝑑𝑎𝑟𝑘) is plotted in Figure 5.7(b) for the same 𝑃𝑖𝑛𝑐 and 

𝜆 . With increasing the power density, ∆𝑝𝑡,𝑃𝐺  for 𝜆 = 405 nm  and 638 nm  are saturated to 5 ×

1025/m3, the same as total trap concentration of 𝑃𝑡, which indicates that trap states are completely 

filled by holes under illumination whereas mostly filled by electrons at dark. On the contrary, for 𝜆 =

852 nm, the trap states are only partially filled by holes at 𝑃𝑖𝑛𝑐 = 1,280 mW/cm2. In practice, the 

efficiency of the PG effect (i.e., ∆𝐸𝐶, ∆𝑝𝑡,𝑃𝐺) can be affected by various factors such as gate oxide 

thickness and channel length as well as 𝑃𝑡, 𝜆 and 𝑃𝑖𝑛𝑐. 
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Figure 5.8 (a) Photoresponsivity (R) as function of 𝑉G at Pinc = 20 mW/cm2. (b) Dependence of R on 

various 𝑃inc at VG = 0.8 V. (c) Detectivity (D*) with varying VG at Pinc = 20 mW/cm2. Wavelengths of 

𝜆  = 405, 638, and 852 nm are used.   
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So far, we have investigated the mechanism of photoillumination effects. Next, we will examine the 

figure-of-merit of MoSe2 photodetectors. Photoresponsivity is defined as 𝑅 = 𝐼𝑝ℎ/𝑃𝑖𝑛𝑐, which reflects 

the gain (𝐼𝑝ℎ) of the photodetectors with respect to the input (𝑃𝑖𝑛𝑐). Although we assume ballistic 

transport in this study to explore the underlying physics of photoillumination effects, here we introduce 

an empirical factor of 2.2 × 10−3  for current degradation. It is obtained by 𝜆𝑚𝑓𝑝/(𝜆𝑚𝑓𝑝 + 𝐿𝑐ℎ,𝑒𝑥) 

where 𝜆𝑚𝑓𝑝  is mean free path of MoSe2, assumed to be 28.6 nm, and 𝐿𝑐ℎ,𝑒𝑥  is channel length of 

fabricated device in [205], considering possible scattering and fabrication-related non-idealities in 

actual devices (e.g., impurities, interstitial atoms, and large dimension of the fabricated device), so that 

the value of 𝑅 can be similar to that in the experiments [205]. Figure 5.8(a) presents 𝑅 with different 

gate voltages for 𝜆  = 405 nm, 638 nm and 852 nm at 𝑃𝑖𝑛𝑐 = 20 mW/cm2 . In general, 

photoresponsivity is larger with shorter wavelength at a given gate bias, and can be increased by 

applying larger gate voltage. If the MoSe2 phototransistor is operated at the ON state, 𝑅 can be larger 

by two orders of magnitude as compared with the value at the OFF state for the same wave length. In 

other words, 𝐼𝑝ℎ  can be significant at the ON state, as it can be seen in Figure 5.5, due to the PG effect. 

Next, the same is plotted with varying power intensity in Figure 5.8(b) at the highest gate voltage, VG 

= 0.8 V. In general, 𝑅 is maximized at the lowest 𝑃𝑖𝑛𝑐 and decreased with increasing power intensity. 

This indicates that photogain by the PG effect is inefficient at high 𝑃𝑖𝑛𝑐  since most trap states are 

already filled, as it can be seen in Figure 5.7(b). On the other hand, at low 𝑃𝑖𝑛𝑐, there is room for 

additional PG effect when ∆𝑝𝑡,𝑃𝐺 ≪ 𝑃𝑡  (also see Figure 5.7(b)). These results are consistent with 

previous reports [174], [196], [205], [210], [213], [214]. 

While photoresponsivity can tell the gain of phototransistors, it doesn’t necessarily mean the 

sensitivity of photodetectors, for which 𝐼𝑑𝑎𝑟𝑘  should be considered along with 𝑅 so that signal-to-noise 

ratio can be maximized. In this regard, specific detectivity (𝐷∗) can be informative figure-of-merit, 

which is defined as 𝐷∗ = 𝑅√𝐿𝑐ℎ/√2𝑞𝐼𝑑𝑎𝑟𝑘 , where 𝑞 is single electron charge. Figure 5.8© shows the 

variation of 𝐷∗ with VG and 𝜆. In general, 𝐷∗is larger with shorter wavelength as in 𝑅; however, it 

shows opposite trend with VG as compared to that of 𝑅. At low gate voltages, 𝐷∗ becomes large due to 

the small 𝐼dark. Even though large 𝐷∗ is generally preferable, it should be considered with actual signal 

(𝑅 or 𝐼𝑝ℎ) and noise (𝐼𝑑𝑎𝑟𝑘) levels; if the signal and noise levels are too low, the detection could be 

hampered by the limitation of the device. Hence, the 𝑉G should be carefully chosen for the proper 

operation window of photodetectors.   
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Figure 5.9 Photoresponsivity (𝑅) as functions of (a) trap state position (Et) with respect to the valence 

band edge (EV), (b) capture cross-section ratio (𝜎 n/σp), (c) total trap concentration (Pt), and (d) 

recombination life time (𝜏r,PG). Nominal values of Et – EV = 0.3 eV, 𝜎n/σp = 1e-3, Pt = 5 × 1025 /m3, 

and 𝜏r,PG = 1 𝜇s are used. Incident power density, wavelength and gate voltage are Pinc = 20 mW/cm2, 

𝜆 = 405 nm, and VG = 0.8 V, respectively. 
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So far, we have discussed the photoillumination effect of MoSe2 phototransistors without changing 

the material properties, which however can vary based on experimental conditions. Therefore, we will 

investigate the impacts of trap energy (Figure 5.9(a)), capture cross section (Figure 5.9(b)), total trap 

concentration (Figure 5.9(c)), and recombination lifetime (Figure 5.9(d)) on the device performance. 

Figure 5.9(a) shows that 𝑅 initially increases as trap states exist deeper in the band gap (i.e., as 𝐸𝑡 − 𝐸𝑉 

increases) since the deeper trap states are likely to have more number of holes than shallower states, 

which can also be seen from the occupational function for holes (1 − 𝑓) or Figure 5.3(c). However, 

when 𝐸𝑡 − 𝐸𝑉 ≫ 0.3 eV, the photoresponsivity will not be improved any further, which can also be 

understood from Figure 5.3(c) where the occupation function is not changed significantly between 

𝐹𝑛,𝑙𝑖𝑔ℎ𝑡 and 𝐹𝑝,𝑙𝑖𝑔ℎ𝑡.  

The shape of occupation function can be explained by the model introduced above. The f can be 

simplified as 𝑣𝑡ℎ𝜎𝑝𝑝/(𝑣𝑡ℎ𝜎𝑛𝑛𝐶 + 𝑣𝑡ℎ𝜎𝑝𝑝𝑉 + 𝑒𝑝) because 𝑒𝑛 is almost zero if the trap state is much 

closer to 𝐸V than 𝐸C. Under weak illumination, 𝑝𝑉  is small, resulting in 𝑣𝑡ℎ𝜎𝑝𝑝𝑉 ≪ 𝑒𝑝 and 1 − 𝑓 ≈

1/(𝑣𝑡ℎ𝜎𝑛𝑛𝐶 + 𝑒𝑝). 𝑛 is not small but comparable value as much as 𝑒𝑝, due to small generation rate 

and 𝜎𝑛/𝜎𝑝 (default value is 10−3). Then, 𝑒𝑝 becomes sufficiently effective to control 1 − 𝑓 by change 

of 𝐸𝑡 − 𝐸𝑉 , i.e. if 𝐸𝑡 − 𝐸𝑉 increases, 𝑝𝑡,𝑃𝐺  increases, resulting in larger PG effect. This physically 

indicates that emission rate for holes out of the traps becomes weaker with increasing 𝐸𝑡, thereby holes 

stay longer there. When 𝑒𝑝 ≪ 𝑣𝑡ℎ𝜎𝑛𝑛𝐶, R gradually saturates to a certain value which relies on ratio 

between capture cross section for electron and holes, 𝜎𝑛/𝜎𝑝 . Therefore, it is worth investigating 

dependence of R on 𝜎𝑛/𝜎𝑝 as shown in Figure 5.9(b). R decrease with decreasing 𝜎𝑝 (or increasing 𝜎𝑛). 

It is intuitive that holes capture cross section are larger than that of electrons at a state in band gap close 

to valence band. However, despite of the same trap state location, 𝑝𝑡,𝑃𝐺 can decrease if cross section 

area captures are more likely to capture electrons into the state. Now, 𝑒𝑛 cannot be ignored, and large 

𝑣𝑡ℎ𝜎𝑛𝑛𝐶  results in decreasing 1 − 𝑓  and R. Figure 5.9(c) exhibits that PG effect becomes more 

powerful with increasing 𝑃𝑡. PG effect also depends on recombination carrier lifetime. The longer free 

holes stay in the energy bands, the more holes trap states can be captured, leading to PG effect as shown 

in in Figure 5.9(d). Shockley–Read–Hall (SRH) recombination at mid gap state is implicitly considered 

in the 𝜏𝑟,𝑃𝐺 . Extremely long 𝜏𝑟,𝑃𝐺 have same effect as high 𝑃𝑖𝑛𝑐, making 1 − 𝑓 ≈ 1, and the state be 

fully occupied with holes, displaying the saturation in the Figure 5.9(d). 
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5.4 Conclusion 

In summary, we simulated photoillumination effects in the monolayer MoSe2 phototransistors. To 

reveal the key mechanisms of high photoresponse in the 2D materials-based phototransistors, trap 

model for PC and PG effects were embedded into the NEGF transport simulator. The simulation results 

demonstrated clear PC and PG characteristics, informing dominance of PG effect over PC effect in the 

device. Trend of the simulated transfer characteristics with significant threshold voltage shift was well 

matched with experimental observations. For further understanding of the PG effect, deep analysis from 

microscopic perspectives was done by plotting band diagram along with variation of energy barrier 

lowering and capture hole concentration depending on power and wavelength. To address overall 

device optical performance, photoresponsivity and specific detectivity were calculated and analyzed 

with respect to device and light source inputs. Finally, for improvement of the device performance, we 

examined the influence of material properties such as trap energy, capture cross sections, total trap 

concentration, and recombination lifetime on the photogain. The proposed quantum transport 

simulation can not only accurately predict the photoelectric performances of 2D MoSe2 phototransistors 

but also deeply quantify and analyze the internal physical mechanisms, providing a useful platform for 

the manipulation and optimal design of the popular 2D photodetectors for a wide range of applications. 
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Chapter 6 Simulation for Optical Properties of Nano-patterned MoS2 

Phototransistors 

6.1 Introduction 

Even though the previous simulation method was used to analyze MoSe2 phototransistors, its usage can 

be extended to phototransistors based on other types of channel materials. In fact, multilayer MoSe2 

with Mo-interstitial was applied as channel material, leading to significant PG effect, to overcome 

intrinsic limitation of optical properties of multilayer TMDs mainly due to indirect band gap. Following 

that, other materials or device engineering could be designed to strengthen the photoresponsivity or PG 

effect. Recently, some structural engineering of TMDs has intrigued lots of attention since those can 

be employed to improve the basic properties of materials [215]. Those include stacking of 

heterostructures [216], decoration with quantum dot [217], [218], and introduction of different 

alignment direction [219]. One of the attractive techniques of the structural engineering is nano-

patterning. It can directly alter the band structure of materials, making it an appealing platform to adjust 

the optical and electrical properties of TMDs. Nanomesh-patterned multilayer MoS2 was reported, 

demonstrating a large photoluminescence emission peak analogous to direct band gap monolayer MoS2 

[220]. However, underlying physics behind the uniquely patterned structure is still vague and its 

mechanisms for large responsivity can be theoretically uncovered. 

In this chapter, material and device simulations of nano-patterned multilayer MoS2, so-called MoS2 

nanomesh are presented to explain large photoresponsivity of indirect band gap MoS2. Fabricated 

multilayer MoS2 nanomesh phototransistors by my collaborator showed much larger photoresponsivity 

(R ~ 123.7 A/W) than that of reported direct band gap monolayer MoS2 phototransistors, under similar 

incident illumination power intensities and wavelength [135], [142], [214]. In order to investigate the 

fundamental origin of this ultra-high photoresponsivity in our multilayer MoS2 nanomesh 

phototransistors, the material structure and the device based on it were theoretically analyzed by the 

density functional theory (DFT), and the NEGF simulation based on multiple-trap state model, 

respectively. 



 

 84 

6.2 MoS2 Nanomesh 

6.2.1 Atomistic Structure  

Like Chapter 3 and Chapter 4, fabrication, characterization, and measurement of the multilayer MoS2 

nanomesh and the phototransistors were conducted by my experimental collaborators, Heekyeong Park, 

Young Jun Kim, Young-Hoon Kim, Young-Min Kim in Professor Sunkook Kim’s group in 

Sungkyunkwan University. The patterned hexagonal array of hexagon holes on patterned MoS2 was 

observed. To identify atomistic structure of the inside edges of the hexagonal holes in the MoS2 

nanomesh, they scrutinized them and their atomic configuration of the multilayer MoS2 showing 

stacking sequences. A typical hexagonal shape of the hole in the MoS2 nanomesh was observed. 

Selected area diffraction pattern (SADP) for the region of MoS2 multilayers showed 2H-MoS2 structure 

with AA’ stacking configuration mixed with Mo and S atoms. By comparing corresponding atomic 

models, it is revealed that the hole edges mainly have a zigzag configuration of atomic columns. In 

their fabrication process, specific dry etching and wet etching were performed, where the different 

edges gradually changed to energetically stable structure. In general, MoS2 have two edge types of 

zigzag and armchair [221], [222]. Most of the MoS2 edges were formed as zigzag edges in our 

experiment because the zigzag structure is more energetically favorable than the armchair structure 

[223], [224]. Wulff construction rule [225], [226], implying that specific crystal shapes are likely built 

over others, relying on their surface energy minimization effect, established the expanded edges 

converged to a hexagonal shape. Considering the AA’ stacking configuration of the MoS2 sample, the 

exposed atomic terminations on every edge of the hexagonal holes are a mixture of Mo-terminated and 

S-terminated zigzag structure by layer. 
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Figure 6.1 Electronic properties of MoS2 nanomesh. (a) The crystal structure of MoS2 nanomesh for 

DFT calculation (the cell considered for the DFT calculation is shown in the dashed diamond). The 

diameter of holes and the spacing between the holes are the same as 1.6 nm. (b) Band structure of MoS2 

nanomesh showing the formation of in-gap states (highlighted region). (c) DOS and Partial density-of-

states (PDOS) of the MoS2 nanomesh showing the contribution of edge Mo and edge S atoms on the 

total DOS. It is evident that the edge Mo and edge S atoms are the main contributors to the formation 

of the in-gap states. Total Mo and total S PDOS shows the contribution of all Mo atoms and S atoms, 

respectively. 
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6.2.2 Material Simulation 

As opposed to a prefect crystal, the nanomesh structure can have an irregular band structure. To 

investigate its electronic states, DFT calculation was performed on the MoS2 nanomesh, which was 

conducted based on plane-wave (PW) approximation using Quantum ESPRESSO. Perdew–Burke–

Ernzerhof (PBE) generalized gradient approximation (GGA)-based exchange correlation function with 

projector augmented wave pseudopotential was used. The kinetic energy cutoff of the wavefunction 

was chosen to be 25 Ry. Due to the large size of simulation, monolayer MoS2 nanomesh was simulated 

with a supercell containing 264 atoms (88 Mo atoms and 176 S atoms) as shown in Figure 6.1(a). The 

supercell has an edge length of 32 Å (with an area of 862 Å2) and 15 Å of spacing distance in the out-

of-plane direction to screen images interaction. Although we have used a monolayer MoS2 nanomesh 

to make the simulation computationally manageable, the conclusion derived by the DFT simulation 

will not change for the multilayer counterpart, and both Mo-terminated and S-terminated zigzag edges 

were considered to match the experimental observation. Figure 6.1(b) presents the electronic structure 

of the MoS2 nanomesh supercell, which exhibits a formation of in-gap states throughout the band gap 

as shown in the highlighted region. Partial density-of-states (PDOS) analysis (Figure 6.1(c)) clearly 

shows that the edge atoms are the main contributors to the in-gap states rather than the atoms far from 

the edges. In particular, edge Mo atoms contribute dominantly to the in-gap states near the conduction 

band (EC), whereas it is a mixed contribution of edge Mo and edge S atoms near the valence band (EV), 

which is in agreement with a previous report [227].  
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Figure 6.2 Photoresponsive characteristics of phototransistors based on (a) MoS2 nanomesh and (b) 

pristine MoS2 under illumination of λex of 405 nm with various Pinc. 

6.3 MoS2 Nanomesh Phototransistors 

6.3.1 Device Characterization 

The existence of the in-gap states can have effect on optoelectronic properties of devices based on the 

materials. A multilayer MoS2 nanomesh TFT was fabricated to investigate its photoresponsive 

characteristics. Source and drain contacts were deposited on the channel material with area of 

34.28 cm2. Figure 6.2(a) is measured ID–VGS characteristics under light illumination of various incident 

power intensities (Pinc) at a wavelength (𝜆ex) of 405 nm and drain voltage (VDS) of 1 V. It should be 

noted that increase of the OFF-state current under irradiation is significant compared to that of natural 

multilayer MoS2 TFT with channel area of 56.28 um2 (Figure 6.2(b)). The notable current enhancement 

could be understood by increased conductivity due to photogenerated excess carriers (PC effect). At 

the same time, MoS2 nanomesh phototransistor demonstrates PG effect same as multilayer MoSe2 

phototransistors discussed in the Chapter 4. The photocurrent of the MoS2 nanomesh TFT is the 

remarkably larger in ON-state current than pristine MoS2 TFT counterpart. From Figure 6.2 (b) and (c), 

R is calculated of MoS2 nanomesh and pristine MoS2 TFTs with various Pinc and 𝜆𝑒𝑥 = 405  and 638 

nm. The maximum photoresponsivity value is 123.7 A/W which is ~330 times larger than that of 

pristine MoS2 phototransistor at 𝑃𝑖𝑛𝑐 = 8 mW/cm2 and 𝜆𝑒𝑥 = 405 nm.  



 

 88 

6.3.2 Device Simulation 

6.3.2.1 Nominal Device 

It can be expected that the large 𝐼𝑝ℎ , and 𝑅 of the MoS2 nanomesh phototransistors are mainly attributed 

to the in-gap states. In order to develop further insight into the MoS2 nanomesh phototransistor 

exhibiting excellent optical properties, quantum transport simulation was performed considering the 

trap states, which can capture electrons or holes. Carrier transport through the MoS2 nanomesh 

phototransistor was simulated using the NEGF formalism within an effective mass approximation (m* 

= 0.45 𝑚0 ; 𝑚0  being free electron mass). For the nominal device, 50 nm-long, 6.2 Å-thick MoS2 

channel and 2.5 nm-thick SiO2 gate dielectric were used in a bottom-gated Schottky barrier (SB) FET 

structure with an SB height of 0.1 eV. Power supply voltage 𝑉𝐷𝐷 = 0.5 V was used. Here, we have used 

smaller device dimensions to save simulation time; however, it will not affect key underlying physics 

and the conclusion of this study will remain the same. Transport equation was solved iteratively with 

the Poisson’s equation until the self-consistent solution was achieved. It should be noted that, here we 

performed a ballistic transport simulation assuming an ideal MoS2 to identify underlying physics 

generating the PG effect first (Figure 6.4(a)–(c)), and then, the current degradation due to scattering in 

the actual nanomesh structure has been treated by calibrating simulation results against experiments 

(Figure 6.4(d)), using a fitting parameter (current degradation factor of 8 × 10−6). 

6.3.2.2 Trap Model 

Trap model for PC effect applied in the MoS2 nanomesh phototransistors is basically same as model 

introduced in Chapter 5. A modified Hornbeck–Haynes model was used as ∆𝜎 = 𝑞𝜇𝑛∆𝑛𝑃𝐶 +

𝑞𝜇𝑝∆𝑝𝑃𝐶 , where 𝜇𝑛 , 𝜇𝑝 , ∆𝑛𝑃𝐶 , and ∆𝑝𝑃𝐶  are electron and hole mobility, excess electron and hole 

densities in the conduction and valence band, respectively. I have used the measured carrier mobility 

for both 𝜇𝑛 and 𝜇𝑝, listed in Table 6.1. Same as Chapter 5 which has a trap state near 𝐸𝑉, ∆𝑝𝑃𝐶 =

𝑔𝜏𝑟,𝑃𝐶  and ∆𝑛𝑃𝐶 = ∆𝑛𝑃𝐶 + 𝑝𝑡,𝑃𝐶 , considering charge neutrality. 𝑝𝑡,𝑃𝐶  is the trapped hole density 

which can be calculated as 𝑝𝑡,𝑃𝐶 =
𝑃𝑡𝑑𝑔𝜏𝑟,𝑃𝐶

𝑔𝜏𝑟,𝑃𝐶+𝑃𝑡𝑑𝜏𝑡,𝑝/𝜏𝑔,𝑝
, where 𝑃𝑡  is the total trap concentration, 𝑔 (=

𝜂𝑃𝑎𝑏𝑠/ℎ𝜈) is the generation rate of excess carriers, 𝑑 is the thickness of MoS2 nanomesh, and 𝜏𝑟,𝑃𝐶  is 

carrier recombination lifetime. 𝜂 and ℎ𝜈 are internal quantum efficiency and single photon energy, 

respectively. The same internal quantum efficiency was used as Chapter 5. 𝑃𝑎𝑏𝑠 is the absorbed power 

density, given by 𝑃𝑖𝑛𝑐 (1 − (𝑒−𝑎⊥𝑑 + 𝑒−𝑎∥𝑑)/2), where 𝑃𝑖𝑛𝑐 is incident power density, 𝑎⊥ and 𝑎∥ are 
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the absorption coefficient in the vertical and lateral direction, respectively. 𝜏𝑡,𝑝 and 𝜏𝑔,𝑝 are the trapping 

and escaping time of holes into and from the trap states, respectively, and 𝜏𝑡,𝑝/𝜏𝑔,𝑝  ratios can be 

obtained by 1/ (
𝑃𝑡

𝑁𝑉
𝑒𝑥𝑝

𝐸𝑡−𝐸𝑉

𝑘𝑇
) [196], where 𝑁𝑉 is effective density-of-states at the conduction band 

edge and 𝐸𝑡  is trap state. The same recombination lifetime was assumed as Chapter 5. Finally, 

photoconductive current (𝐼𝑝ℎ,𝑃𝐶) was obtained by 𝐼𝑝ℎ,𝑃𝐶 =
1

𝐿
𝑉𝐷𝑆∆𝜎. The important material parameters 

are listed in Table 6.1. On the other hand, for PG effect in the MoS2 nanomesh phototransistors, the 

identical trap model introduced in Chapter 5 was utilized. Occupational function, 𝑓, is modeled as 𝑓 =

𝑣𝑡ℎ𝜎𝑛𝑛𝐶 +𝑒𝑝

𝑣𝑡ℎ𝜎𝑛𝑛𝐶 +𝑒𝑛+𝑣𝑡ℎ𝜎𝑝𝑝𝑉+𝑒𝑝
, where 𝑣th, 𝑛𝐶 , 𝑝𝑉, 𝜎𝑛, and 𝜎𝑝 are thermal velocity, free electron concentration 

in the conduction band, free hole concertation in the valence band, electron and hole capture cross 

sections, respectively. 𝑒𝑛 and 𝑒𝑝 are emission rate for electrons and holes from traps, respectively, and 

defined as 𝑒𝑛 = 𝑣𝑡ℎ𝜎𝑛𝑛0𝑒𝑥𝑝{(𝐸𝑡 − 𝐸𝐹0)/𝑘𝑇} and 𝑒𝑝 = 𝑣𝑡ℎ𝜎𝑝𝑝0𝑒𝑥𝑝{(𝐸𝐹0 − 𝐸𝑡)/𝑘𝑇}. 𝑛0 and 𝑝0 are 

free electron concentration at conduction band and free hole concentration at valence band under 

equilibrium, respectively, which can be obtained by Fermi-Dirac integral for order of 0 since the carriers 

are distributed in 2D material. Those are expressed as 𝑛0 = 𝑁𝑐 𝑙𝑛[1 + 𝑒𝑥𝑝{(𝐸𝐹0 − 𝐸𝐶)/𝑘𝑇}] and 𝑝0 =

𝑁𝑉 𝑙𝑛[1 + 𝑒𝑥𝑝{(𝐸𝑉 − 𝐸𝐹0)/𝑘𝑇}] where 𝐸C is conduction band minima and 𝑁𝐶 is effective density-of-

states at 𝐸𝐶. 𝐸𝐹0 is thermal equilibrium Fermi level assumed to be mid-gap in the MoSe2 nanomesh. 𝑛𝐶  

is obtained by 𝑛𝐶 = 𝑛𝑖𝑛𝑗 + ∆𝑛𝑝ℎ  where 𝑛NEGF is self-consistently simulated electron concentration by 

NEGF simulator and ∆𝑛𝑝ℎ = 𝑔𝜏𝑟,𝑃𝐺/𝑑 is generated electron concentration. Under illumination, 𝑝𝑉 

becomes close to generated hole concentration, 𝑝𝑉 ≅ ∆𝑝𝑃𝐺 = ∆𝑛𝑃𝐺 . Finally, concentration of captured 

holes is calculated by 𝑝t,PG = 𝑃t(1 − 𝑓) 

 

 

𝜆 

[nm] 
𝜂 

𝛼⊥ [202] 

[/cm] 

𝛼∥ [202] 

[/cm] 

𝜏𝑟,𝑃𝐶  [196] 

[ps] 

𝜏𝑟,𝑃𝐺 [203] 

[𝜇s] 

𝜇𝑛, 𝜇𝑝 

[cm2/V ∙ s] 

𝑃𝑡 

[/m3] 

405 0.5 18.9 ×  104 102.5 ×  104 100 1 2.68 5 ×  1025  

Table 6.1 Material parameters used for MoS2 nanomesh phototransistor 
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For MoS2 nanomesh, there are multiple trap states in the band gap. These might be different effect 

on device performance from in case of MoSe2. Now, trap model should be modified to consider the 

multiple states effect. PC model in case of a trap states near 𝐸𝐶  uses ∆𝑛𝑃𝐶 = 𝑔𝜏𝑟,𝑃𝐶  and ∆𝑝𝑃𝐶 =

∆𝑛𝑃𝐶 + 𝑛𝑡,𝑃𝐶  for charge neutrality, assuming that Fermi level is located at the mid-level of the band 

gap. Density of trapped electrons in the trap states can be obtained by 𝑛𝑡,𝑃𝐶 =
𝑃𝑡𝑑𝑔𝜏𝑟,𝑃𝐶

𝑔𝜏𝑟,𝑃𝐶+𝑃𝑡𝑑𝜏𝑡,𝑛/𝜏𝑔,𝑛
, where 

𝜏𝑡,𝑛 and 𝜏𝑔,𝑛  are trapping and escaping time of electrons into and from the trap states, respectively, and 

𝜏𝑡,𝑛/𝜏𝑔,𝑛 can be calculated by  𝜏𝑡,𝑛

𝜏𝑔,𝑛
= 1/ (

𝑃𝑡

𝑁𝐶
𝑒𝑥𝑝

𝐸𝐶−𝐸𝑡

𝑘𝑇
) [196]. For PG effect in the MoS2 nanomesh 

phototransistors, the whole model is same as one introduced in Chapter 5, except that level of 𝐸𝑡 could 

be varied and even close to the conduction band. Also, number of occupational functions at the trap 

states could be more than one, where captured hole concentration can be expressed as  

 𝑝𝑡,𝑃𝐺 = ∑ 𝑃𝑡,𝑖(𝐸𝑡,𝑖)(1 − 𝑓(𝐸𝑡,𝑖))𝑖 .  (6.1) 

The occupational function (𝑓) is strong function of capture cross section ratio (𝜎𝑛/𝜎𝑝), since it 

determines capturing rate of carriers in the defects. In the previous chapter, 𝜎𝑛/𝜎𝑝 was assumed to be 

constant which is independent of energy (see Figure 6.3(a) and (b)). However, it is intuitive that 

practical capture cross section for electrons is large at energy close to 𝐸𝐶, while capture cross section 

for holes is large at energy near 𝐸𝑉. Therefore, 𝜎𝑛/𝜎𝑝 is strong function of energy. This ratio is assumed 

to be a logistic function of energy in a logarithmic scale with maximum and minimum value of 103 

and 10−3 at the conduction band and the valence band edge, respectively as shown in Figure 6.3(c) and 

(d). The dependence of shape of occupational function on capture cross section ratio is also shown. 
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Figure 6.3 Left panels and right panels of each (a)–(d) are ratio of capture cross sections of electrons to 

holes (𝜎n/𝜎p), and occupational function (f) under light illumination, respectively. f with constant ratio 

(𝜎n/𝜎p = 1) at (a) low VG and (b) high VG, and f with varying ratio depending on energy at (c) low VG 

and (d) high VG. 
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Figure 6.4 Simulation of photoresponse behaviors of the MoS2 nanomesh phototransistor. (a) and (b) 

ID–VGS  characteristics of MoS2 nanomesh phototransistor assuming a single trap state (trap density of 

Pt  = 5 × 1025 /m3 near (a) EC and (b) EV, at dark and under illumination (𝜆ex = 405 nm, Pinc = 417 

mW/cm2). (c) Iph variation at different trap states (Et) inside the band gap (Et from 0.2 to 1.4 eV above 

EV) at VGS = 1 V. (d) Photoresponsivity (R) as a function of Pinc at 𝜆ex of 405 nm with trap states at four 

different energy levels. Et = 0.3 and 0.4 eV above (below) EV (EC). The total trap density is kept the 

same as in (a)–(c) (1.25 × 1025 /m3 each). 
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6.3.2.3 Results 

As demonstrated by the DFT calculation in Figure 6.1(b), the MoS2 nanomesh contains multiple-states 

within the band gap. However, only few states at certain energy levels might be the key contributors to 

the large photoresponsivity. To test this hypothesis, we have simulated ID–VGS characteristics of MoS2 

nanomesh phototransistor at dark and under illumination (𝑃𝑖𝑛𝑐 = 417 mW/cm2 ; 𝜆𝑒𝑥 = 405 nm), 

assuming a single trap state (trap concentration of 𝑃𝑡 = 5 × 1025 /m3) near the conduction band (EC) 

and the valence band (EV) in Figure 6.4(a) and (b), respectively. A notable observation from the 

simulated ID–VGS curves is that, with the gap state near 𝐸𝑉, significant threshold voltage (𝑉𝑡ℎ) shift can 

be observed (Figure 6.4(b)), while it is not the case with the trap state near 𝐸C (Figure 6.4(a)). When 

VGS is high, due to the large number of electrons in the conduction band, the trap state near 𝐸𝐶 is fully 

filled with electrons both at dark and under illumination. On the contrary, the trap state near 𝐸𝑉 is fully 

occupied by electrons at dark, but it can be partially filled with holes under illumination due to the 

increased hole concentration with the generated excess holes (see Figure 6.3(d)), resulting in potential 

barrier lowering and the PG effect. The simulated ID–VGS characteristics with the trap state near EC or 

EV (Figure 6.4(a) and (b)) manifest same trend as measured ID–VGS of pristine MoS2 and MoS2 

nanomesh, respectively, clearly indicating that only the gap states near 𝐸𝑉 can play an important role 

for PG effect, increasing the electron injection from the source significantly. To examine the overall 

trend with different trap states (𝐸𝑡), we have calculated photocurrent (𝐼𝑝ℎ) by varying 𝐸𝑡 from 0.2 eV 

to 1.4 eV above 𝐸𝑉, as shown in Figure 6.4(c), which exhibits 𝐼𝑝ℎ  being significant only when the trap 

states are located near the valence band (𝐸𝑡 − 𝐸𝑉 ≤ 0.8 eV). Lastly, we have plotted photoresponsivity 

as function of 𝑃𝑖𝑛𝑐  in Figure 6.4(d). To emulate the material property of the real MoS2 nanomesh 

including multiple trap states at different 𝐸𝑡 , here, we have considered trap states at four different 

energy levels (𝐸𝑡 = 0.3  and 0.4 eV above 𝐸𝑉 and below 𝐸𝐶) with the trap concentration of 1.25 ×

1025 /m3 each. Simulated photoresponsivity could exhibits the same trend as experiments (Figure 

6.4(d)), indicating that our model, simulation results and analysis are good representations of the 

experimental observation. 
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6.4 Conclusion 

Nano-patterning of nanomaterials demonstrated significant optical properties of materials. The 

nanomesh patterns on multilayer MoS2 phototransistors achieved greater advances in photoresponsivity 

than normal multilayer MoS2 phototransistors. We revealed that the exposed-zigzag edges introduce 

the trap states in the band gap region, especially, the trap states near EV result on the PG effect, thus 

improving the performances of phototransistors. Theses advanced experimental analysis and rigorous 

simulations propose that nano-patterning method on TMDs will provide a novel route to develop 

nanomaterials for various optoelectronic applications. 
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Chapter 7 Conclusion 

7.1 Summary  

I presented analytical modeling and numerical simulation framework capable of capturing 

photoillumination effects of two-dimensional (2D) MoSe2 phototransistors. First of all, I introduced 

modern trends of metallic, semiconducting, and insulating 2D materials along with its applications 

including photo sensors. For simulation methods, among a few simulation methods presented, quantum 

transport in nano-scale devices using non-equilibrium Green’s function (NEGF) formalism was used 

for this study. Two main methods for electronic states in the NEGF; effective mass and tight-binding 

approximations were compared each other. To improve limitations of both approximations, I presented 

modified effective mass approximation to have accurate transport calculation and fast computation. 

To unveil key origin of large photoresponse of fabricated MoSe2 phototransistors, I quantified 

density-of-states in the MoSe2 phototransistors through temperature-dependent analysis, revealing 

presence of significant amount of density-of-states in the device. I modeled two main mechanisms of 

photoillumination effects; photoconductive (PC) and photogating (PG) effects. PC model well 

explained conductivity increase due to excess generated carriers, and PG model was derived to 

represent injection of electrons from sourced by lowered energy barrier due to trapped holes. This 

successfully reproduced experimentally measured photoresponsivity of CVD-grown MoSe2 

phototransistors fabricated under Mo-rich condition with a few fitting parameters, informing that, due 

to mainly PG effect, trap states induced by the Mo-interstitial atoms significantly enhance 

photoresponsivity under illumination. For more precise understanding of the effects, I created a stand-

alone quantum transport simulator where both effects were embedded. PC effect adapted a modified 

Hornbeck−Haynes model, while PG effect was realized by NEGF transport along with a trap model 

which can calculate occupational function of the trap state. Simulation results confirmed that PG effect 

is dominant over PC effect in the MoSe2 phototransistor, followed by in-depth analysis of the band 

diagram, barrier lowering, and captured hole concentration. The results also displayed almost same 

trends of photoresponsivity and specific detectivity as those of the fabricated MoSe2 phototransistors. 

According to the simulation results, further improvement can be achieved by engineering material 

properties. I simulated effects of the material properties on photoresponsivity, such as trap states, total 

trap concertation, capture cross sections, and recombination lifetime on photoresponsivity.  
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Also, the simulator developed for MoSe2 phototransistors can be extended to explore other types of 

2D material. I simulated photoillumination effects of MoS2 nanomesh phototransistors. Band structure 

plotted by density functional theory (DFT) indicates that the channel material has multiple in-gap states 

due to intentionally patterned hexagonal arrays in the MoS2 layers, while the CVD-grown MoSe2 

approximated to have single trap state close to the valence band was simulated previously. To reveal 

which trap states has a critical role in PG effect, phototransistors with trap state near the conduction 

band and the valence band were simulated and compared separately. The results showed that only high 

threshold voltage shift and photocurrent in the device with trap states close enough to the valence band. 

Lastly, a device with multiple-states in the band gap was simulated to reproduce the trend of measured 

photoresponsivity.  

This work will significantly advance the field by generating new material performance knowledge 

and providing critical insights into novel sensor designs. It will address formidable challenges in 2D-

material flexible photodetectors for next-generation wearable sensors, making this research highly 

relevant and opportune. The core knowledge and technologies developed in this project will provide 

advances that will help to elevate Canada’s profile in the global sensor industry, growing at a compound 

annual growth rate of 11.8% ($123B in 2016; $240B expected in 2022) [228]. In addition, the 

knowledge and techniques created can be extended to other sectors, opening up new markets such as 

interactive gaming, mobile security and mobile healthcare systems. 
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7.2 Future Work 

For the future study of the present work, I suggest several interesting topics as follows: 

1. Phototransistors with more than one-layer MoSe2 as actual fabricated multilayer MoSe2 can be 

simulated. This can be done by tight-binding approximation considering intralayer hopping 

parameters. Those parameters can be extracted by ab-initio calculation such as DFT. Since 

device simulation time could be extensively long due to large size of Hamiltonian matrix, size 

of unit cell and number of bases used in the DFT simulation should be carefully chosen. At the 

same time, we can insert trap states in the electronic states to introduce Mo-interstitials in the 

atomistic structure to have effects of trap states on the transport calculation. This might result in 

leakage dark current at low gate voltage, which decrease photocurrent, so that it is worth 

investigating trade-off between photocurrent increase due to photoillumination effect and 

degradation due to trap states in the band structure. 

2. Scattering can be considered in the NEGF simulation. The scattering can come from many 

sources: defects, phonons, and (e–e) interaction. Except for the latter, the scattering mechanisms 

can be included either explicitly in the Hamiltonian to account for defects, or it can be included 

as a perturbation self-energy in the case of electron–phonon interactions. Such scattering 

mechanisms complicate the model, and might require more computational resources. In addition, 

the e–e scattering is not negligible due to the large density of charge injected from source lead. 

For that, Hartree approximation might be used assuming that each electron moves independently 

and sees only the average field generated by all the other electrons.  

3. Transient response can be simulated for optical switching performance. According to recent 

literatures about 2D photodetectors [134], photodetectors based on semiconducting layered 

materials reports a large (about 10 orders of magnitude) variance in their photoresponsivity. 

Regarding the response time, it appears that most of devices show response times much larger 

than~1 × 10−4 ms which is response time of commercialized conventional silicon photodiode. 

The photoresponsivity and response time are trade-off each other since the relatively long 

response times are due to the presence of long-lived carriers in the trap states (in devices with 

responsivity above 1 A/W ). Therefore, further investigation to improve the response time 

maintaining large photoresponsivity should be done with transient response simulation. To do 

that, time-dependent density functional theory or quantum master approaches can be used. 
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