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Abstract 

Although the device physics of organic field-effect transistors (OFETs) has been 

widely studied, the analysis with energetic distribution of the density-of-states (DOS) 

is still lacking in spite of the disordered nature of organic semiconductors. Because 

charge transport and injection take place at the Gaussian DOS, this distinctive energetic 

structure of organic semiconductors could make the charge-accumulation process, and 

hence the device operation, different. This thesis is dedicated to understanding the 

effect of Gaussian DOS on device parameters of OFETs, the threshold voltage, charge-

carrier mobility and injection barrier via numerical finite-element based 2D simulations 

and experimental validation. The threshold voltage is comprehended by the charge 

trapping into the secondary Gaussian trap DOS as well as the intrinsic Gaussian DOS. 

We show that the overlap of two Gaussian DOSs due to the disorder induces specific 

threshold behaviors of OFETs. Second, the hopping transport is studied via Gaussian 

disordered model (GDM) on random spatial sites of organic semiconductors. This 

model can offer a precise result over GDM with cubic lattice. Also, we propose a 

correct parametrization of the model for wide range of materials from polymers to 

small molecules. Lastly, charge-based and transport-based injection barrier are studied 

and compared with Gaussian DOS. The advantages and limits of each model are 

evaluated. 

Keywords : Organic electronics, Organic field-effect transistors, Device physics, 

Numerical modeling, Gaussian density-of-states 
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Chapter 1 

Introduction 

 

1.1 Organic electronics 

Organic electronics is new field of electronics based on organic semiconductors 

such as conjugated polymers [1]–[8] and small molecules [9]–[17], that consist 

of carbon-hydrogen bonds with many compounds, e.g. oxygen, nitrogen and 

sulfur. This technology has high potential for future electronic applications 

because of many distinctive characteristics. Compared to covalent bonds in 

inorganic semiconductor, weak van der Waals interaction between organic 

molecules induce high mechanical flexibility. In addition, some materials are 

soluble or easily reformed in the organic solvents that can help to deposit thin 

film layer more simply by spin-coating process or ink-jet printing process. Such 

processes for organic semiconductors are very effective to put materials at desired 

positions and large-area with low-cost. As a growing interest of bio-electronic 

interface, bio-compatibility of some organic semiconductor gains attention for 

bioelectronic devices and systems. Therefore, organic electronics enable to 

realize a low-cost, flexible and bio-compatible technology in future electronics. 

From the initial discovery of conducting polymer, halogen-doped 

Polyacetylene in 1977 [18], the technology with these materials has been rapidly 

grown in three major applications, photovoltaic, light-emitting diode and 

transistors. As milestone works in 1986, two-layer organic photovoltaic (OPV) 

with copper phthalocyanine (CuPc) and perylene tetracarboxylic derivative [19] 

and the first organic field-effect transistor (OFET) with polythiophene [20] were 

introduced. In the following year, Tang developed the organic light-emitting 

diode (OLED) with  Tris(8-hydroxyquinolinato)-aluminum (Alq3) and diamine 

junction. [21] Today, these devices have been significantly developed. Especially, 
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OLEDs is the most successful devices based on organic semiconductor that are 

commonly used in a wide range of displays, e.g. smartphones, televisions and 

smartwatch. Compared to conventional display technologies like liquid-crystal 

display (LCD) of plasma display, OLEDs possess many advantages such as low 

power operation, wide color gamut and fast response. Recently, many foldable or 

stretchable products based on OLEDs were introduced in display market that was 

impossible with LCD due to inflexible back-light unit and modules of displays. 

For OPVs, the maximum efficiency of OPV cells (various type) exhibit 17.4 % 

for tandem cell and 14.2 % for single cell according to the report of NREL in 

2020 [22]. Many current products are available in the market that provide flexible 

(Minimum bending radius 2cm), lightweight (<1kg/m2) and ultra thin (<1 mm) 

OPVs.   

For OFETs, the performance of devices has been improved dramatically 

during decades [23], [24] (Fig. 1.1). In the early stage of OFETs in 1980s, they 

exhibited very low mobility in a range of ~10-5 cm2/Vs due to the slow hopping 

conduction in disordered system. This mobility was 5 – 7 orders of magnitude 

lower than conventional electronic devices such as amorphous silicon and poly-

silicon devices. However, in 2000s, maximum reported mobility increased rapidly, 

and they were comparable with conventional electronic devices thanks to the 

advanced material design and fabrication process. In addition, the high contact 

resistance of OFETs at the semiconductor/electrode contact was regarded a great 

 

Fig. 1.1. Development of (a) best reported mobility for various type of OFETs 

from [23] and (b) contact resistance [24] during decades.  

(a) (b)
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challenge for high performance devices. Compared to the Si transistors with 

heavily doped Ni silicide contact that exhibited contact resistance in a range of 

10-4 Ω ∙cm, early OFETs reported 106 to 105 Ω ∙cm. This high contact resistance 

degraded not only field-effect mobility [25] but also the cutoff frequency [26] in 

OFETs. Recently, improved materials, device structure and fabrication technique 

can help to reduce contact resistance. The lowest reported contact resistance of 

OFET until now is 29 Ω ∙cm by Borchert and coworkers [27].  

Thanks to the highly improved performance, many applications can be 

feasible with OFETs. Organic integrated circuits based on organic 

complementary circuits were realized by many groups [28]–[31]. OFETs are 

adopted in radio frequency identification (RFID) tags [32] that are promising in 

terms of low-cost fabrication by printing technologies and/or roll-to-roll method. 

Display back planes in LCDs or OLEDs also developed based on OFETs. 

Especially, Plastic Logic commercialized ultra-flexible paper-like displays in a 

wide range of the size (1 inch to 15 inch) [33]. Also, wearable electronics are 

promising market for OFETs. Large area flexible pressure sensors and 

temperature sensors widely accepted OFETs [34]–[36]. These large area flexible 

sensors will be applicable for security systems, regenerative medicine and various 

purposes related with artificial skins of robots. Application of organic transistors 

for neuromorphic computing [37], brain interface [38] and bio-inspired 

electronics [39] have been widely studied nowadays.  

 

1.2 Motivation  

The motivation of this thesis is lack of physical understanding of OFETs’ device 

physics based on Gaussian density of states (DOS). Although considerable 

improvement of performance enables to realize various aforementioned 

applications with OFETs, current comprehension on fundamental behavior of 

OFETs is incomplete. In fact, the main research of OFETs has been focused on 

developing material designs, fabrication process and experimental performances 

to compete with matured inorganic electronics. Therefore, many theoretical 

concepts remain vague. Particularly, the effect of Gaussian DOS that represents 

disordered nature of organic semiconductors on device physics has been 

commonly overlooked. In organic semiconductors, the weak van der Waals 

intermolecular bonding induces Gaussian DOS instead of square-root DOS and 
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exponential DOS because randomly distributed energetic states originate from 

amorphous phase of molecules. Therefore, Gaussian DOS should be a basis of 

every electrical behavior. 

There are two main reasons that Gaussian DOS has been passed over for 

device physics during decades. First, ones believed the effect of Gaussian DOS 

on device physics is trivial except for the charge transport. The hopping transport 

in localized states studied widely by Gaussian disorder model (GDM) from 1980s, 

whereas studies on threshold voltage and charge injection based on Gaussian 

DOS are few compared to that on charge transport. In fact, Gaussian DOS is 

critical for the charge injection as well as the charge transport. A conventional 

band edge concept, so-called the onset of highest occupied molecular orbitals 

(HOMO) and lowest unoccupied molecular orbitals (LUMO), was demonstrated 

that it is not proper to define band edge in Gaussian DOS because charge carriers 

behaves as a degenerate condition even very low charge concentration [40]. Also, 

Gaussian broadening can reduce injection barrier and enhance charge injection 

due to the deep tail states [41]. These results can give significant effect on 

electrical behaviors e.g. threshold voltage and contact resistance because OFETs 

operate in the accumulation regime. Second, Gaussian DOS is merely solved by 

analytical method. For example, the hole concentration at the contact can be 

calculated by integral of charge carrier statistics and DOS. In conventional 

inorganic semiconductors, analytical solution of charge density is easily obtained 

by the Boltzmann statistics. In contrast, the Boltzmann statistics cannot guarantee 

an exact analytical solution for Gaussian DOS due to the degenerate condition of 

charge carriers. Furthermore, Gauss-Fermi integral with Fermi-Dirac statistics 

does not have full analytical solution yet. This complexity during derivation of 

analytical models may hinder studies of device physics considering Gaussian 

DOS.  

In this context, the necessity of physical modeling based on Gaussian DOS 

for OFETs is recognized in an efficient way. TCAD Numerical simulation based 

on finite-element method can be an alternative solution of analytical model 

because it can simply calculate all equations regardless of complexity. It is simple 

to implement physical theories into the calculation such as Gaussian DOS and 

GDM. Also, used parameters in the numerical simulation can give an insight of 

physical understanding underneath of models. Besides, it can be helpful to 

promote the commercialization of organic electronics via the electronic design 
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automation (EDA) technology by adopting commercial numerical software tools. 

As aforementioned applications require more complex structures than before, the 

importance of device modelling and circuit simulation increases because the 

optimization of complex devices and circuits can success by several iteration 

processes of modeling, design, fabrication and evaluation [42]. Therefore, it is 

necessary to study device-level modeling with Gaussian DOS within the iterative 

numerical solver. 

 

1.3 Thesis overview 

The title of thesis is ‘Gaussian density of states driven numerical modeling of 

organic field-effect transistors’. Theoretical approach to understand electrical 

behavior of OFETs by Gaussian DOS is developing via TCAD numerical 

simulation. The principle goal is to comprehend device parameters of OFETs such 

as the threshold voltage, charge carrier mobility and injection barrier through 

Gaussian DOS and validate theoretical approach to the experimental approach. 

These three device parameters are in line with our motivations of the thesis. Here, 

a short description for each chapter is presented. 

Chapter 1 Introduction describes a field of organic electronics with 

recent progress and motivation of the thesis with our final goal.  

Chapter 2 Fundamentals summarizes principles of conducting organic 

semiconductors and OFET devices. The representative organic semiconductors 

for OEFTs are introduced both small molecules and polymers. The shape of 

density of states, i.e. square-root, exponential and Gaussian DOS, are categorized 

depending on materials. Also, the basic concept of the threshold voltage in 

transistors is delineated as well as various extraction methods. The Gaussian 

disorder model is explained for charge hopping transport. Two representative 

GDM, EGDM and GDM by Baranovskii are introduced and compared.  

Chapter 3 Methods shows the calculation method of TCAD numerical 

simulation. Physical models to describe OFETs with organic disordered 

semiconductors (ODSs) are listed. Also, energetical structure of simulated OFET 

devices is described.  

Chapter 4 Threshold voltage modeling is the first chapter for scientific 

result. The threshold behavior of OFETs is identified by the charge trapping into 
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the single and double Gaussian DOS systems. By systematic numerical 

simulation, the physical meaning of the threshold voltage is examined through a 

reliable extraction method for organic disordered semiconductor with and without 

trap states. The effect of simultaneous charge trapping into the overlapped DOS 

between Gaussian intrinsic and trap DOSs is highlighted to comprehend threshold 

behavior and concomitant power-law dependency of mobility. The experimental 

validation of proposed model is carried out by numerical fit to the ink-jet printed 

OFETs.  

Chapter 5 Mobility modeling is the second chapter for scientific result. 

A correct parametrization of Gaussian disorder model on spatially random sites 

is studied to describe charge transport in disordered materials and following 

device characteristics. GDM on random sites is compared with the EGDM that 

assumed the cubic lattice sites to show the former enables an exact solution over 

the latter. Then, a new set of model parameters, i.e. the localization length and the 

attempt-to-escape frequency, is proposed to correctly account for higher mobility 

conditions for current high performance OFETs. To validate, various OFETs with 

donor-acceptor copolymer, semi-crystalline polymer and polycrystalline small 

molecule are examined at various temperature condition and each physical 

parameters are coupled with each material condition in thin-film. The model is 

implemented into a numerical simulation tool to compare with the measured 

device characteristics. 

Chapter 6 Injection barrier modelling is the last chapter for scientific 

result. As the band tail of Gaussian DOS is unclear, we tried to elucidate a 

physically-based injection barrier. First, we examined validity of charge-based 

injection barrier, so-called ‘effective injection barrier’ via the contact resistance 

model of coplanar OFETs. Then, we proposed a new transport-based injection 

barrier with transport energy of Gaussian DOS. Finally, two injection barriers 

were extracted from experimental result of photoemission spectroscopy and 

compared with the conventional injection barrier concept of Gaussian DOS, the 

onset of HOMO.  

Chapter 7 Conclusion and outlook summarize key results of the thesis 

with some remarks. Suggestions for perspectives work is proposed.  
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Chapter 2 

Fundamentals 

 

2.1 Organic semiconductors 

2.1.1 𝝅-conjugation in organic material 

Organic semiconductor is the organic material that show semiconducting property. 

Organic small molecules and polymers are representative materials that consist 

of hydrogen and carbon. They can be crystalline or amorphous structure on thin 

films depending on materials. Normally, they are insulators, but convert to 

semiconductors when charge carriers are introduced by charge injection from 

electrode, doping and photo-excitation.  

Semiconducting properties originated from a conjugated system in carbon 

atoms. Carbon has four outermost electrons, i.e. a group four element in the 

periodic table. Each electron occupies separately in 2s, 2px, 2py and 2pz atomic 

orbitals. They can be hybridized in various ways that leads to numerous bonding 

configurations, e.g. sp1, sp2 and sp3 depending on the number of p atomic orbitals 

that participates in the hybridizations. When 3 p atomic orbitals get involved with 

four neighboring atoms, four sp3 hybrid orbitals with equal energy are composed. 

When 2 p atomic orbitals get involved with three neighboring atoms, three sp2 

hybrid orbitals are created.  

Remarkably, the sp2 hybridization forms additional 𝜋 bonding that make 

delocalization of electrons. In ethylene C2H4 (Fig. 2.1), each carbon atom has 3 

sp2 orbitals with two hydrogen atoms and one carbon atom. Strong 𝜎 bonding is 

formed by sp2 orbitals between two carbon atoms and this bonding is difficult to 

be broken due to the large overlap of orbitals. Also, 3 sp2 orbitals are in the planar 

plane to minimize the repulsion energy. For remaining pz orbitals that are 
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perpendicular to the sp2 plane form 𝜋 bond by sharing their electrons. Although 

this 𝜋 bonding energy is weaker than 𝜎 bonding due to the small overlapped 

orbitals, this weak bonding results in the semiconducting property of organic 

molecules. In organic semiconductors, the HOMO and the LUMO corresponds 

to the occupied 𝜋  binding orbital and unoccupied 𝜋  binding orbital, 

respectively. The energetic difference between occupied binding orbital and 

unoccupied binding orbital is small for 𝜋  bonding due to the weak binding 

energy. Therefore, such organic materials that possess frontier orbital created 𝜋 

bonding lead to the semiconducting property. For 𝜎  bonding, the energetic 

difference between occupied binding orbital and unoccupied binding orbital is 

large due to the strong binding energy. For large molecules such as benzene C6H6 

(Fig. 2.2), 𝜋 bonding results in the delocalization of electrons. Six electrons in 

the benzene from the six pz orbitals are weakly bounded to neighboring pz orbitals. 

By increasing number of pz orbitals that participate to the 𝜋 bonding, the HOMO 

and LUMO split to close similarly to the inorganic semiconductors.  

 Thanks to the delocalization of the electrons via 𝜋  bonding, charge 

carrier can move freely in a molecule. In such molecule, 𝜋  bonding makes 

electrons move and 𝜎 bonding maintain a rigid structure of the molecule. This 

molecular system is a 𝜋-conjugated system.  

 

Fig. 2.1. Schematic of 𝝅-conjugated system of ethylene C2H4.  
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2.1.2 Representative polymers for OFET application 

For OFET application, organic semiconductor materials can be divided by two 

categories, conjugated polymers and conjugated small molecules. The 

polythiophene has been regarded as a prototypical material for semiconducting 

polymer. Particularly, regioregular poly(3-hexylthiophene) (P3HT) that is alkyl-

substituted polythiophene (Fig. 2-3a) is the most widely used material thanks to 

the good solubility [43] and high mobility. Although initial pristine polythiophene 

showed poor mobility, its self-organization into lamella crystalline structure of 

the regioregular P3HT increases mobility significantly. The coplanarity of the 

polymer backbone enhance the extent of intermolecular 𝜋  conjugation. 

Compared to regiorandom P3HT (Fig. 2-3b), regioregular material show 3 orders 

of magnitude higher mobility [44].     

 Poly(2,5-bis(3-alkylthiophen-2-yl)thieno-[3,2-b]thiophene (pBTTT) [45] 

(Fig. 2-3c) is proposed by McCulloch and coworkers to improve the stability and 

performance of alkyl-substituted polythiophenes. Thieno[3,2-b]thiophene in the 

backbone can produce a ordered crystalline structure because of the rotational 

invariance. The liquid-crystalline phase can be crystallized by annealing and 

cooling process to increase the molecular ordering. The mobility in the pBTTT 

based transistor reached up to 1.1 cm2/Vs [46]. 

 More recently, alternating donor-acceptor copolymers show very high 

 

Fig. 2.1. Schematic of 𝝅-conjugated system of benzene C6H6.  
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mobility more than 1 cm2/Vs [47], [48]. Especially, indaceno-dithiophene–

benzothiadiazole (IDT-BT) [49] (Fig. 2-3d) studied widely because this material 

showed high mobility without long-range order. Recent study proved that charge 

transport occurs quasi one dimensionally along the backbone with occasional 

intermolecular hopping within face-on structure [50]. In addition, IDT-BT exhibit 

nearly disorder-free characteristics because of the planar and torsion-free 

backbone [1]. 

2.1.3 Representative small molecules for OFET application 

 Many small molecules are deposited by thermal evaporation because they are 

commonly insoluble in organic solvents. During thermal evaporation, these 

materials form polycrystalline structure by self-organization. Pentacene (Fig. 2-

3e) is the most widely used small molecule for OFET application. Thanks to the 

large overlap of frontier orbitals by crystal structure, pentacene exhibit the fastest 

mobility, even 6 cm2/Vs with low surface energy gate dielectric [51], [52]. 

However, pentacene is vulnerable to the oxidation by exposing oxygen, water and 

ozone. Hydrogen atoms at the center benzene ring can be substituted by oxygen 

atoms that results in destruction of 𝜋  conjugation in pentacene. As a 

consequence, charge carrier mobility decreases proportional to the extent of 

oxidation.  

 To improve the resistance against oxidation of pentacene, Yamamoto and 

coworkers proposed dinaphtho-[2,3-b:20,30-f]thieno[3,2-b]thiophene (DNTT) 

(Fig. 2-3f) [53], [54]. DNTT show similar or large mobility compared to 

pentacene with good overlap of molecular orbital. By replacing central benzene 

ring in pentacene with two thiophenes, the stability to oxidation improved 

significantly. Similar to DNTT, 2,6-di[2-(4-phenyl)vinyl]anthracene (DPVAnt) 

(Fig. 2-3g) offers similar characteristics [55]. 

 For soluble process of small molecules, Anthony and co-workers proposed 

triisopropylsilylethynyl pentacene (TIPS pentacene) (Fig. 2-3h) [56], [57]. By 

functionalization of pentacene, the solubility of material increased dramatically. 

Furthermore, such functionalization help to increase the molecular packaging and 

reduce the intermolecular distance. The degradation of mobility by oxidation of 

central benzene ring can be reduced thanks to the functional group. 

Triethylsilylethynyl anthradithiophene (TESADT) (Fig. 2-3i) [58] and Difluoro-

triethylsilylethynyl anthradithiophene (diF-TESADT) (Fig. 2-3j) [59] is similar 
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Fig. 2.3. (a) regioregular poly(3-hexylthiophene) (P3HT), (b) regiorandom 

P3HT, (c) poly(2,5-bis(3-alkylthiophen-2-yl)thieno-[3,2-b]thiophene 

(pBTTT), (d)  indaceno-dithiophene–benzothiadiazole (IDT-BT), (e) 

pentacene, (f) dinaphtho-[2,3-b:20,30-f]thieno[3,2-b]thiophene (DNTT), (g) 

2,6-di[2-(4-phenyl)vinyl] anthracene (DPVAnt), (h) triisopropylsilylethynyl 

pentacene (TIPS pentacene), (i) .triethylsilylethynyl anthradithiophene 

(TESADT) and (j) difluoro-triethylsilylethynyl anthradithiophene (diF-

TESADT). 
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high soluble small molecules as the TIPS-pentacene. 

 For small molecules, SAM treatment can enhance the carrier mobility 

because SAM decreased surface energy on the gate dielectrics and metal 

electrodes. When the surface energy of pristine gate dielectric and electrode is 

high such as silicon dioxide and gold, small molecules tend to deposit two 

dimensionally. This prevents well ordered molecular packaging and reduces 

charge carrier mobility. SAM such as octadecyltrichlorosilane (OTS) help to 

increase molecular packaging on the gate dielectric [60], [61]. By three-

dimensional molecular stacking, void between grains is reduced and 𝜋 

conjugation increases. Also, Pentafluorobenzene thiol (PFBT) helps to ordered 

deposition of small molecules such as pentacene [62] and diF-TES-ADT [63], 

[64] on diverse metal electrodes. SAM treatment on the metal electrode not only 

increases charge carrier mobility but also decreases contact resistance by 

enhancing charge injection at metal-semiconductor junction.  

 

2.2 Density of states 

The density of states is the number of states that are to be filled by the charge 

carrier, i.e. electrons and holes, at a particular energy. This DOS structure depends 

on the material properties such as crystallinity. In this section, we will cover 

several DOS concept that are commonly adopted in the solid state physics. 

Particularly, Gaussian DOS for organic disordered semiconductor will be 

highlighted. 

 

2.2.1 Square-root density of states 

Solving a free electron’s three-dimensional Schrodinger wave equation 

results in the parabolic shape of the crystalline inorganic semiconductor as (Fig. 

2.4a),  

𝑔𝐶(휀) ∝  √휀 − 휀𝐶  (2.1) 

𝑔𝑉(휀) ∝  √휀𝑉 − 휀 (2.2) 

where 휀𝐶  and 휀𝑉  are the conduction band edge and the valence band edge, 
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respectively. The square-root DOS falls to zero at these band edge.  

 The occupied charge density in the DOS can be calculated by the 

integrating the DOS and the Fermi-Dirac distribution 𝑓𝐹𝐷 = {1 + exp[(휀 − 휀𝐹)/

𝑘𝑇] }−1  with respect to the energy. Here, 휀𝐹  is the Fermi energy, 𝑘  is the 

Boltzmann constant and 𝑇 is the temperature. Normally, the integration of DOS 

and Fermi-Dirac distribution cannot be analytically solved, a simple 

approximation of the Fermi-Dirac distribution, i.e. Boltzmann distribution allows 

to lead a simple analytical equation of the occupied charge density as, 

𝑛 = 𝑁𝐶 exp (−
휀𝐶 − 휀𝐹

𝑘𝑇
) , (2.3) 

 

Fig.2.4. Illustration of (a) square-root DOS, (b) exponential DOS and (c) 

Gaussian DOS 
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𝑝 = 𝑁𝑉 exp (−
휀𝐹 − 휀𝑉

𝑘𝑇
) . (2.4) 

Here, 𝑁𝐶  and 𝑁𝑉  is the effective density of states at each conduction and 

valence band edge. For silicon, germanium and gallium arsenide, 𝑁𝐶 and 𝑁𝑉 

values are listed up in the Table 2.1. 

 

 2.2.2. Exponential density of states 

According to Anderson’s model [65], disorder in the amorphous silicon 

incudes the localization of states. When the disorder exists in the crystalline 

silicon, its delocalized band changes gradually to the localized states. The degree 

of disorder can be quantified by the width of the energy band. For the silicon, the 

width of conduction and valence band is close to 5 eV so that the degree of 

disorder is low in the amorphous silicon. Therefore, the extended delocalized 

states and localized states can coexist. Here, the localized states can be commonly 

described as an exponential band tail states as (Fig. 2.4b),   

𝑔(휀) =
𝑁

휀0
exp (

휀

𝜖0
) (2.5) 

where 𝑁 is the molecular density and 휀0 is the energy scale of the DOS.  

 For early research of organic disordered semiconductor, exponential DOS 

adopted widely to study the charge transport mechanism, e.g. the variable range 

hopping transport [66] and the multiple-trapping and release model [67]. 

However, recent study proved that the charge transport of organic disordered 

semiconductors is governed by the Gaussian DOS rather than the exponential 

DOS.  

Table 2.1. The set of 𝑁𝐶 and 𝑁𝑉 for conventional inorganic semiconductors. 

 𝑁𝐶  (cm−3) 𝑁𝑉 (cm−3) 

Silicon (Si) 2.8 × 1019 1.04 × 1019 

Germanium (Ga) 1.04 × 1019 6.0 × 1018 

Gallium arsenide (GaAs) 4.7 × 1017 7.0 × 1018 
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2.2.3 Gaussian density of states 

In organic disordered semiconductors, the weak van der Waals interaction induces 

low binding energy between the basic component of the solid. Due to this, only 

small orbital overlap between molecules exist and electronic bands are narrow. 

The width of HOMO and LUMO is much lower than that of inorganic counterpart 

that the tight covalent bonding induces very strong binding energy. Inorganic 

semiconductors have several eV as a bandwidth, whereas organic semiconductors 

have the order of 0.1 eV as a bandwidth. According to the Anderson’s localization 

theory, such a small bandwidth induces a strong localization on the disorder; all 

states are fully localized. This fully localized states can be commonly expressed 

by the Gaussian distribution as (Fig. 2.4c),  

𝑔(휀) =
𝑁0

𝜎√2𝜋
exp (−

휀2

2𝜎2
) , (2.6) 

where 𝑁0 is the total molecular density and 𝜎 the Gaussian width. 

 For organic disordered semiconductors, effectiveness of the Gaussian 

DOS versus exponential DOS has been discussed widely. Baranovskii showed a 

clear evidence of Gaussian DOS by correlating specific charge transport behavior 

of organic semiconductors and equilibrium energy 휀∞. This energy corresponds 

to the maximum of 𝑔(휀) × 𝑓FD and it can be calculated as[68],  

휀∞ =
∫ 휀𝑔(휀) exp (−

휀
𝑘𝑇

) 𝑑휀
∞

−∞

∫ 𝑔(휀) exp (−
휀
𝑘𝑇

) 𝑑휀
∞

−∞

= −
𝜎2

𝑘𝑇
. (2.7) 

 When the 휀∞ − 휀𝐹 ≫ 𝑘𝑇 at the low charge concentration p, most carriers 

exists in the vicinity of 휀∞, not 휀𝐹 because the DOS below 휀∞ decreases so 

steeply (Fig. 2.5a). This result is at variance at the exponential DOS that most 

carriers occupy at 휀𝐹 in spite of the low p (Fig. 2.5b). Existence of 휀∞ induces 

exceptional charge transport behavior of organic semiconductors. First, mobility 

is constant at low p and is p dependent at high p [69] (Fig. 2.6a). The charge 

transport in Gaussian DOS occurs by hopping toward the particular energy level, 

so-called ‘transport energy 휀t ’ from the energy of initially occupied state. If 

휀∞ > 휀𝐹, the initial occupied energy level is equal to 휀∞ that is independent to 

the position of 휀𝐹. If 휀∞ < 휀𝐹, the initial occupied energy level corresponds to 

휀𝐹. Therefore, the hopping mobility is constant at low p regardless of p, whereas 
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the mobility increases depending on the p at high p value. This p dependent 

mobility cannot be explained by the exponential DOS. Second, a single charge 

carrier in the empty Gaussian DOS system is non-dispersive transport; charge 

hopping stops diving further than 휀∞ at some relaxation time although the states 

are empty below 휀∞ [68] (Fig. 2.6b). This result is a clear evidence of the 휀∞ 

and Gaussian DOS in the organic disordered semiconductors because dispersive 

transport occurs in the exponential DOS. 

 The occupied charge density can be calculated by, 

𝑝 = ∫ 𝑔(휀)𝑓𝐹𝐷(휀, 휀𝐹)𝑑휀
∞

−∞

. (2.8) 

Eq. (2.8) can be expressed under the Boltzmann approximation as, 

𝑝 = 𝑁0 exp [−
1

𝑘𝑇
{휀𝐹 − (HOMOmax +

𝜎2

2𝑘𝑇
)}] . (2.9) 

where HOMOmax is the energy at the maximum of HOMO. This charge density 

p is only effective for the non-degenerate condition because of the Boltzmann 

approximation. Remarkable researches pointed out [40], [70] that organic 

semiconductors belong to the non-degenerate condition only at very low p in the 

Gaussian DOS, i.e. 휀𝐹 situates far from the HOMOmax. When p increases, the 

Boltzmann approximation is not valid anymore so that Gaussian DOS leads to 

the degenerate condition that the relation between p and 휀𝐹  is not analytical. 

Here, p can be semi-analytically as, 

 

Fig. 2.5. Schematic of occupied charge density in the (a) Gaussian DOS and (b) 

exponential DOS.  
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𝑝 =
𝑁0

2
erfc [

휀𝐹 − HOMOmax

√2𝜎
] . (2.10) 

 

 

2.3 Threshold voltage 

In a field-effect transistor, the threshold voltage 𝑉T is the gate voltage at 

which a transistor shifts between its ‘on’ state and its ‘off’ state. Before the gate 

voltage 𝑉GS reaches to 𝑉T, a conductive channel does not exist between source 

and drain electrodes (Fig. 2.7a) This state is literally ‘off’ state. When the gate 

voltage goes beyond 𝑉T, a conductive channel is finally created (Fig. 2.7b). This 

state is literally ‘on’ state. In industrial point of view, VT is one of the most 

important parameters in all transistors and circuits because if 𝑉T is not optimized, 

the design of complex circuits is very difficult. Therefore, accurate understanding 

of 𝑉T is mandatory. 

 

 

Fig. 2.6. (a) Field-effect mobility with respect to the charge density for P3HT 

and OC1C10-PPV from [69]. (b) Time dependent distribution of charge 

energy in the Gaussian DOS from [68] 
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2.3.1 Extraction methods 

Extraction methods of the threshold voltage have been widely studied because of 

the importance of reliable value of the threshold voltage [71]–[73]. Commonly, a 

linear or saturation transfer characteristic of a single transistor determines the 

threshold behavior. Depending on the semiconductor material and device 

structure, the selection of the extraction method should be careful. Extrinsic 

factors such as disorder of semiconductor and high contact resistance can induce 

a non-linear transfer characteristic and this sometimes results in inaccurate 

extraction of the threshold voltage [12], [74], [75]. In this section, we review 

widely-accepted extraction method of the threshold voltage.   

 The simplest method is the constant-current method (Fig. 2.8a). Because 

a single point of voltage-current measurement determines the threshold voltage 

quickly, this method is widely used in industry. A common value of a constant 

drain current is W/L×10-7, where W is the channel width and L the channel length 

[76]. However, this method highly depends on the constant drain current.  

Linear extrapolation method in the linear transfer characteristics (Fig. 2.8b) 

and in the transconductance (Fig. 2.8c) are also popular method to extract the 

threshold voltage. When the linear extrapolation at the maximum 

transconductance (maximum slope) is plotted, the threshold voltage corresponds 

to the VGS-axis intercept, i.e. the drain current or the transconductance equals to 

0. This method originated from the ideal drain current equation at the linear 

condition as,  

 

Fig. 2.7. Schematic of (a) below and (b) above threshold operation in n-type 

MOSFET. 
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𝐼𝐷 =
𝑊

𝐿
𝜇𝐶𝑖(𝑉𝐺𝑆 − 𝑉𝑇)𝑉𝐷𝑆 (2.11) 

where 𝜇 is the mobility and 𝐶𝑖 is the capacitance of gate dielectric. In contrast, 

this method is inaccurate with the non-linear transfer curves due to the VGS 

dependent mobility or high contact resistance [12], [75]. 

The second derivative method can be an alternative method because this 

method can ignore the effect of high contact resistance (Fig. 2.8d). The maximum 

of the derivate of the transconductance indicates the threshold voltage by this 

method. This method is very sensitive to the noise so that suppression of the noise 

is important. For OFET devices, the second derivate method frequently adopted 

to avoid the effect of high contact resistance [77], [78]. 

The threshold voltage can be extracted in the saturation region (Fig. 2.8e). 

The saturation extrapolation method determines the threshold voltage from the 

VGS-axis intercept of linearly extrapolated fit to the √𝐼𝐷  vs VGS curve at the 

maximum transconductance (maximum slope). This method stem from the ideal 

drain current equation at saturation regime as, 

𝐼𝐷 =
𝑊

𝐿
𝜇𝐶𝑖(𝑉𝐺𝑆 − 𝑉𝑇)2. (2.12) 

Lastly the ratio 𝜂 can be numerically and analytically calculated by, 

𝜂 =
𝜕𝑅on/𝜕𝑉GS

𝜕2𝑅on/𝜕𝑉GS
2 =

𝑉GS − 𝑉T
eff

𝛾 + 2
, (2.13) 

where 𝑅on  is the on-state resistance and 𝛾  is the exponent of the power-law 

dependency. The analytical solution allows to determine 𝑉T
eff and 𝛾 by a linear 

fit to numerical solution (Fig. 2.8f). The method excludes the effect of the drain 

voltage on 𝑉T by 𝑉T
eff = 𝑉T + 𝑉DS/2  [79]. In addition, the method is suitable 

not only for a transistor consisting of a crystalline semiconductor that exhibits 

perfectly linear transfer characteristics but also for a transistor consisting of a 

semiconductor with disorder or traps that exhibits a superlinear or a sublinear 

transfer characteristics due to 𝑉GS-dependent mobility and contact resistance by 

power law.  
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2.3.2. Physical origin of the threshold voltage in various transistors 

The physical origin of the threshold voltage depends on the type of the field-effect 

transistors. We now compare the threshold voltage of OFETs to that of metal-

oxide-semiconductor field-effect transistors (MOSFETs) and a-Si TFTs (Fig. 2.9). 

In MOSFETs that operate in inversion mode, the channel threshold is the intrinsic 

origin of 𝑉T
eff. The channel is created as a result of a strong inversion, in which 

the density of minority carriers exceeds that of majority carriers. The onset of 

strong inversion is clearly defined also in band diagram (Fig. 2.9a). At threshold, 

the surface potential 𝑉S  is twice the bulk potential 𝑉F  so that 𝑞𝑉S = 2 ∙ 𝑞𝑉F 

where q is the elementary charge, which can be derived from the assumption of 

the surface minority carrier equal to the bulk majority carrier [71]. 

For a-Si TFTs that operate in accumulation mode, the mobility threshold 

 

Fig. 2.8. Threshold voltage extraction by (a) constant current method, (b) linear 

extrapolation method, (c) linear transconductance extrapolation method, (d) 

second derivative method, (e) saturation extrapolation method and (f)          

ratio method. The extraction result from [72] and [73].   
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is the intrinsic origin of 𝑉T
eff  due to inherent exponential trap states [80]. 

Although the increase of 𝑉GS makes charge carriers accumulate in the DOS, the 

device does not conduct current until the Fermi level reaches close to a particular 

level, i.e. the ‘mobility edge’. This threshold behavior of a-Si TFT can be 

described by the DOS structure based on the multiple trapping and thermal 

release (MTR) model [81]. When the Fermi level is far below than the mobility 

edge, all of the carriers are trapped in exponential trap states. However, trap states 

release charge carriers into the extended states when the Fermi level increases 

and thermal energy of charge carriers kT can overcome the activation energy 𝐸a. 

(Fig. 2.9b). Therefore, this threshold behavior of a-Si TFTs is better described by 

the mobility threshold than the channel threshold. 

In OFETs, the channel threshold is the internal origin of 𝑉T
eff . OFETs 

operate in the accumulation regime [17], [79] unlike its most of conventional 

inorganic counterpart, i.e. crystalline Silicon-based MOSFETs, which operate in 

the inversion regime [71]. Therefore, the physical meaning of 𝑉T differs in these 

two types of transistor. Early reports explained the threshold behavior of OFETs 

in regards to the accumulation regime operation. Horowitz [17] attributed the 

origin of 𝑉T  to a dependence of carrier mobility of gate voltage 𝑉GS  by 

developing a comprehensive OFET model in the accumulation regime similar to 

 

Fig. 2.9. Schematics of intrinsic non-zero 𝑽𝐓
𝐞𝐟𝐟 origin for (a) MOSFET, (b) a-

Si TFT and (c) OFET. 𝑽𝐬 and 𝑽𝐅 represent the surface and bulk potential, 

ME mobility edge, 𝑬𝐚  activation energy, 𝒌𝑻  thermal energy and MTR 

multiple trapping and thermal release model. 
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the amorphous silicon thin-film transistor (a-Si TFT) [80]. In addition, Jung and 

coworkers proved numerically that 𝑉T in OFETs is the onset of charge carrier 

accumulation in the channel [79]. At threshold, a significant amount of charge 

carriers is injected into the semiconductor and is accumulated at the surface (𝑄S 

> 0) creating a conducting channel (Fig. 2.9c).. This threshold behavior of OFETs 

is analogous to that of MOSFETs despite the difference in operation mode. This 

result suggests that channel formation determines in general the threshold voltage 

of trap-free devices.  

 

2.4 Charge transport in organic disordered semiconductors 

It is difficult to understand the charge transport model of organic semiconductors 

for various materials that have diverse energetic configurations by the process-

dependent microstructure and molecular structure of organic semiconductor. To 

comprehend charge transport behavior of organic semiconductors, many models 

have been studied and developed such as the band-like transport, multiple 

trapping-release (MTR) model and GDM. In this section, we introduce Gaussian 

disorder models that accounts for the hopping transport between localized states 

due to the weak inter-molecular bonding for both polymers and small molecules.  

 

2.4.1 Gaussian disorder model 

The Gaussian disorder model is the model of thermally-assisted hopping transport 

within randomly distributed localized states (Fig. 2.10). Principal assumptions of 

the GDM are the Gaussian DOS and the Miller-Abrahams (MA) hopping 

transition rate. The MA transition rate is the frequency of charge carrier hopping 

from an occupied state i to an unoccupied state j,  

𝜈ij = 𝜈0exp (−
2𝑟ij

𝑎
−

휀j − 휀i + |휀i − 휀j|

2𝑘𝑇
) , (2.14) 

where 𝑎 is the localization length of a charge carrier, 𝑟ij the distance between 

site i and j, 휀j and 휀i the energies of initial and final state and k the Boltzmann 

constant and T the temperature. A prefactor 𝜈0  is the attempt-to-escape 

frequency, typically in the range of 1012 to 1013 s−1[82], [83]. 
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As an initiative work, Bassler proposed the mobility model that depends 

on the electric-field F and temperature T within a cubic lattice system. 

Parametrized equation of the mobility can be expressed as [68], 

𝜇(𝐹) = 𝜇0 × exp {−(
2𝜎

3𝑘𝑇
)
2

} × exp {[�̃� (
𝜎

𝑘𝑇
)
2

− �̃�]√𝐹} (2.15) 

where 𝜇0  is mobility prefactor, �̃�  the parameter to account for the lattice 

constant. �̃� is the parameter to consider the spatial disorder of the system. �̃� =

2.25  for Σ < 1.5  and �̃� = Σ2  for Σ > 1.5  where Σ  is the non-diagonal 

disorder to consider the spatial disorder in the cubic lattice model. For spatial 

distribution of localized states in GDMs, 2 different conditions were commonly 

studied; a rigid cubic lattice model that mimic the crystalline structure (Fig. 2.11a) 

and the spatial disorder model that represents the fully disordered structure (Fig. 

2.11b).  

 

 

 

Fig.2.10. Schematic of the Gaussian disorder model in the Gaussian DOS. 

Charge carriers hop adjacent to the so-called ‘transport energy 𝜺𝒕’. 
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2.4.2 Extended Gaussian disorder model in cubic lattice 

Pasveer and coworkers proposed the GDM with the rigid cubic lattce, i.e. the 

spatial disorder was completely eliminated by Σ = 0 . This model is so-called 

extended GDM (EGDM) and they considered the charge carrier dependency of 

the mobility [84]. Today, EGDM is the most widely accepted hopping transport 

model for ODSs and many commercial simulation software provide this model 

for users [85], [86].  

The mobility of the EGDM at the low electric field F is a function of 𝑇 

and carrier density 𝑝 as [84],  

𝜇(𝑇, 𝑝) = 𝜇0(𝑇) × exp [
1

2
(�̂�2 − �̂�)(2𝑝𝑏3)𝛿] , (2.16) 

where �̂� = 𝜎/𝑘𝑇 , 𝑏  is the intersite distance and 𝛿 ≡ 2(ln(�̂�2 − �̂�) −
ln(ln 4))/�̂�2. Here, 𝜇0(𝑇) is the 𝑇 dependent zero-carrier mobility which has 

the form, 

𝜇0(𝑇) = 𝜇0 × 𝑐1exp(−𝑐2�̂�
2), (2.17) 

where 𝜇0 = 𝑏2𝜈0𝑒/𝜎 , 𝑒  the elementary charge and 𝑐1  and 𝑐2  are 

parametrized constants. 

 The mobility of the EGDM at the high electric field is a function of 𝑇, 𝑝 

F as,  

 

Fig.2.11. Schematic of rigid cubic lattice model and spatial disorder model for 

the spatial distribution of localized states for the GDM.  
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𝜇(𝑇, 𝑝, 𝐹) = 𝜇(𝑇, 𝑝)𝑔(𝑇, 𝐸), (2.18) 

and the dimensionless prefactor 𝑔(𝑇, 𝐸) is parametrized by, 

𝑔(𝑇, 𝐸) = exp {0.44 (�̂�
3
2 − 2.2) [√1 + 0.8 (

𝐹𝑒𝑏

𝜎
)
2

− 1]} . (2.19) 

The parametrization of 𝑐1 and 𝑐2 in Eq. (2.17) were carried out by a fitting 

between Eq. (2.16) and a numerical result of master equation, 

∑[𝜈ij ∙ 𝑝i(1 − 𝑝j) − 𝜈ji ∙ 𝑝j(1 − 𝑝i)] = 0

j≠i

. (2.20) 

Here, 𝑝i is the probability of charge occupation on site i. Based on this method, 

initial parametrization of EGDM was 𝑐1 = 1.8 × 10−9 and 𝑐2 = 0.42 at 𝑁0 ∙

𝑎3 = 10−3 [84].  

 

2.4.3 Gaussian disorder model in spatial disorder 

Baranovskii and coworkers proposed a solution of GDM by a transport energy 

[82], [87], [88] for any steeply energy-dependent DOS, i.e. exponential DOS and 

Gaussian DOS. At the low electric field, the mean time of upward hopping 

transition rate toward the transport energy from states below the transport energy 

determines mobility. At the high electric field, a concept of the effective 

temperature was adopted to describe charge transport behavior [89], [90]. During 

the derivation of GDM by Baranovskii, the model assumed consistently both the 

spatial disorder and a variable-range hopping (VRH) that led a more precise 

GDM than previous EGDM. 

The basic idea of the model is that every charge carrier hopping occurs by 

multiple activation and relaxation of carriers via the transport energy 휀t  in 

Gaussian DOS [87], [91]. Charge carriers at states below 휀t hop upwards and 

carriers at states above 휀t hop downwards towards 휀t. 

With Fermi level 휀F  estimated by the Gauss-Fermi integration, the 

transport energy 휀t for a finite charge carrier density in the Gaussian DOS is 

determined by [87] 
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2

3
(
4𝜋

3𝐵c
)
−

1
3 𝑘𝑇

𝑎
[∫ [1 − 𝑓(휀, 휀F)]𝑔(휀)𝑑휀

t

−∞

]

−
4
3

× [1 − 𝑓(휀t, 휀F)]𝑔(휀t) = 1, (2.21) 

where 𝑓(휀, 휀F) is the Fermi function. Validity of the derived 휀t was examined 

by numerical simulation [92]. One can calculate the hopping distance 𝑟(휀t) by 

𝑟(휀t) = [
4𝜋

3
∫ 𝑔(휀′)[1 − 𝑓(휀′, 휀F)]𝑑휀′

t

−∞

]

−
1
3

. (2.22) 

Then, the carrier mobility can be calculated with the generalized Einstein relation 

via [82], [87]  

𝜇 ≃
𝑒

𝑘𝑇
𝐹ER

𝑟2(휀t)

〈𝑡〉
, (2.23) 

where 𝐹ER is dimensionless function for generalized Einstein relation [93] as, 

𝐹𝐸𝑅 =
∫ 𝑑휀𝑔(𝜖)

exp[(휀 − 휀𝐹)/𝑘𝑇]
(1 + exp[(휀 − 휀𝐹)/𝑘𝑇]) 2

∞

−∞

∫ 𝑑휀𝑔(𝜖)
1

(1 + exp[(휀 − 휀𝐹)/𝑘𝑇]) 
∞

−∞

, (2.24) 

and 〈𝑡〉 is the average upward hopping time for all states below 휀t as [94], [95], 

〈𝑡〉 = 𝜈0
−1

∫ exp [
2𝐵𝑐

1/3
𝑟(휀𝑡)

𝑎
+

휀𝑡 − 휀
𝑘𝑇

] 𝑔(휀)[1 − 𝑓(휀)]𝑑휀𝑡

−∞

∫ 𝑔(휀)[1 − 𝑓(휀)] 𝑑휀𝑡

−∞

. (2.25)
 

Here, 〈𝑡〉 neglects downward hopping transition rates because it is exponentially 

faster than upward hopping. Finally, the charge carrier mobility at low electric 

field of GDM by Baranovskii by using Eq. (2.23) and Eq. (2.25) is   

𝜇 ≃ 𝜈0

𝑒

𝑘𝑇

3𝐵c𝐹ER

4𝜋𝑟(휀t)𝑝
× exp(−

2𝐵c
1/3

𝑎
𝑟(휀t) − 

휀t − 휀F

𝑘𝑇
 ) . (2.26) 
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2.5 Charge carrier injection 

2.5.1 Injection barrier 

At the ideal metal/semiconductor junction, the injection barrier that is an 

energetic mismatch between Fermi levels of two materials can be defined by the 

Schottky-Mott rule [58,59]. As the vacuum level of two layers are aligned in the 

Schottky-Mott limit (Fig. 2.12a), the injection barriers for electrons 𝐸𝑏.𝑛  and 

holes 𝐸𝑏.𝑝 can be expressed as, 

𝐸𝑏.𝑛 = Φ − 𝐸𝐴, (2.27) 

𝐸𝑏.𝑝 = 𝐼𝐸 − Φ, (2.28) 

where Φ denotes the work function of metal, EA the electron affinity and IE the 

ionization energy. The ideal Schottky-Mott limit considers only the energetic 

level of metals and semiconductors to determine the barrier height. In other words, 

the injection barrier will change when energetic levels are varied. Also, there are 

no gap states in the forbidden gap that induces very sharp edge of HOMO (or EV) 

and LUMO (or EC) level.   

 By injection barrier, one can quantify injected charge density at the 

metal/semiconductor junction. When the band edge is clearly defined with 

square-root DOS, the charge density at the metal/semiconductor junction can be 

calculated by Eq. (2.3) and (2.4) with the Boltzmann statistics as an exponential 

function of the injection barrier. Therefore, charge carrier increases exponentially 

with decreasing injection barrier. Depending on the magnitude of 𝐸𝑏.𝑛 and 𝐸𝑏.𝑝, 

the dominant charge polarity is determined. That is to say, the hole dominant 

device, i.e. p-type conduction, is expected when 𝐸𝑏.𝑝 < 𝐸𝑏.𝑛 , whereas the 

electron dominant device, i.e. n-type conduction, is expected when 𝐸𝑏.𝑝 > 𝐸𝑏.𝑛. 

In the case of 𝐸𝑏.𝑝 ≈ 𝐸𝑏.𝑛 , both electrons and holes can be injected from the 

metal and ambipolar conductor can take place.  

 

2.5.2 Non-ideal factors  

In the realistic metal/semiconductor junction, the Schottky-Mott limit is not 

always effective (Fig. 2.12b) [60]. The primary non-ideal factors at the 

metal/semiconductor junction is an interface dipole that induces a significant shift 
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of injection barrier. The interface dipole can cause by several origins such as 

induced dipoles by a self-assembly monolayer [61], charge transfer [62]. The 

interface dipole creates the dipole moment vector that induces the mismatch of 

the vacuum level ∆ between metal and semiconductor layer. As a consequence, 

injection barrier increases or decreases depending on the direction of dipole 

moment vector. For example, the positive dipole moment vector lifts the vacuum 

level and thereby the injection barrier for holes decreases. This is widely adopted 

method to increase charge injection via self-assembly monolayer [22,23,61,63]. 

Sometimes, the contamination on the metal surface impedes the formation of 

interface dipole and affects on the charge injection [64,65]. With considering 

vacuum level mismatch by the interface dipole, the injection barrier can be newly 

defined as,  

𝐸𝑏.𝑛 = Φ + ∆ − 𝐸𝐴, (2.29) 

𝐸𝑏.𝑝 = 𝐼𝐸 − (Φ + ∆). (2.30) 

  Secondly, the Fermi level pinning can break the Schottky-Mott rule. 

When the density of interfacial states exists at the metal/semiconductor junction, 

charge carriers fill until these states are totally occupied. If the interface states are 

very high, all carriers would be trapped at the energetic level of interface trap 

states and therefore the Fermi level is pinned. This phenomenon means that the 

injection barrier is independent to the work function of metal and injection barrier 

cannot be controlled.  

Lastly, the energetic disorder of DOS is another non-ideal factor. As we 

described in Sec. 2.2.3, the weak intermolecular binding energy in the amorphous 

organic solid induces the absence of long-range order and it results in the 

energetic disorder, i.e. Gaussian DOS. In fact, this energetic disorder of HOMO 

and LUMO is non-trivial to define the injection barrier because the disorder 

causes the divergent definition of the EA and IE. Therefore, in organic disordered 

semiconductors, the onset [66] or the maximum [67] of HOMO and LUMO are 

widely adopted to define EA and IE. However, these methods cannot guarantee a 

strict band edge due to the gap states. 
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Fig.2.12 (a) Energy diagram of the ideal metal/semiconductor junction. Here, 

Φ  denotes the work function of metal, EA the electron affinity, IE the 

ionization energy, Eb.n injection barrier for electrons and Eb.p injection barrier 

for holes. (b) Energy diagram of a realistic metal/semiconductor junction. Here 

∆  is the mismatch of vacuum level. HOMO and LUMO band exhibit the 

energetic disorder. 



 

33 

 

 

 

Chapter 3 

Methods  

 

3.1 Numerical simulation 

A commercial numerical software ATLAS from Silvaco. Inc. [85] is used in entire 

works. ATLAS is finite-element method (FEM) based technology computer-

aided design (TCAD) tool to simulate semiconductor devices. It helps to correlate 

between physical descriptions and device configuration that is essential to design 

devices or circuits. This simulator allows to model organic electronic devices 

such as OLEDs, OPVs and OFETs with physical models of organic 

semiconductors.  

The main advantage of TCAD simulator is that we can simply predict 

electrical output of devices with various material condition. Properties of each 

material can be defined by relative permittivity, HOMO and LUMO level, 

Gaussian width for organic disordered semiconductors and by work function for 

metal electrode. Also, various geometrical and energetical configuration can be 

tested. For example, it helps to optimize the device through simulation with 

various thickness of each thin film.  

However, the numerical simulation does not give a solution for any input 

condition. They calculate various equation simultaneously. If the output is not 

self-consistently acquired, the calculation would be never converged. Therefore, 

selection of appropriate material parameters, mesh definition and boundary 

condition is very important.   

Particularly, defining mesh is important. Mesh in the TCAD simulator can 

be defined by series of vertical and horizontal lines (Fig. 3.1) The point where a 

vertical line and a horizontal line meet is called a node. All calculation is occurred 
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in these nodes and the other regions is calculated by interpolation between nodes. 

Although highly dense mesh is effective to increase the reliability of the 

calculation, the consuming time for calculation will increase.  

In each mesh, the simulator calculate basic semiconductor equations such 

as Poisson’s, continuity and current equations in the self-consistent manner. In 

addition, we considered additional physical equations for organic disordered 

semiconductors, e.g. Gaussian DOS, generalized Einstein relation. As for the 

transport model, two GDMs, EGDM in cubic lattice and GDM in spatial disorder. 

Thanks to the intimate cooperation of Silvaco Europe Ltd in the United Kingdom, 

we can successfully implement the new GDM with spatial disorder into ATLAS.  

 

3.2 Energetic structure   

The energetic structure of organic disordered semiconductor is defined by double 

Gaussian DOS system (Fig. 3.2). The injection barrier 𝐸b  is defined by the 

energy difference between the Fermi level and maximum of HOMO [41]. The 

Fermi level before junction formation was assumed to be same with a work 

function of gate electrode 𝑊G. The position and shape of the intrinsic Gaussian 

 

Fig. 3.1. Schematic of mesh definition in ATLAS. 
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DOS is determined by 𝐸b and Gaussian degree of disorder 𝜎i and total DOS, 

𝑁i . In addition to the intrinsic Gaussian DOS, we considered a secondary 

Gaussian DOS that accounts for the extrinsic trap states [96]. As shown in Fig. 

3.2 (c), 𝜎d represents Gaussian degree of disorder for trap DOS, 𝐸d the energy 

difference between the maximum of each DOS function. The complete energetic 

structure 𝑔(𝐸) is described by the following equation: 

𝑔(휀) =
𝑁i

𝜎i√2𝜋
exp (−

휀2

2𝜎i
2) +

𝑁d

𝜎d√2𝜋
exp (−

휀2

2𝜎d
2) , (3.1) 

where 𝑁𝑑 is the total trap DOS. In addition, we define the node as the energy 

where two Gaussian functions coincide. The trapped charges in these extrinsic 

trap states, induced by the gate bias, are assumed to be fixed in the device and 

thereby they do not contribute to the drain current [97]. 

 

 

 

 

 

Fig. 3.2. Energetic structure of organic disordered semiconductors by double 

Gaussian DOS system.  
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Chapter 4 

Threshold voltage modeling 

 

𝑉T is one of the most important parameters in all transistors and circuits. If 𝑉T 

is not optimized, the design of complex circuits is difficult. For organic field-

effect transistors (OFETs), the threshold behavior has been widely studied by the 

charge accumulation in the intrinsic DOS [17], [74], [79] and the charge trapping 

in the extrinsic trap DOS [97] that mainly originated from intrinsic and extrinsic 

factors such as disorder of semiconductor [98], humidity [99], applied gate or 

drain bias [100], [101] and the thickness of the semiconductor film [102]. 

However, understanding of the threshold behavior by the energetic disorder of 

intrinsic and trap DOSs is still lacking in spite of the disordered nature of organic 

semiconductors, i.e. fully-localized Gaussian DOS through which both charge 

transport and injection take place [82]. This distinctive energetic structure of 

organic semiconductors could make the charge-accumulation process, and hence 

the threshold behavior, different. 

Considering Gaussian DOS for the intrinsic DOS, Scheinert et al. 

developed a numerical OFET model with the fixed interface charges to modulate 

𝑉T  [103] and Hain et al. derived the analytical compact 𝑉T  model with the 

constant trap states [104]. Although these early reports modelled the threshold 

behavior of OFETs in regards to the energetic disorder in the intrinsic DOS, both 

studies lacked the effect of the charge trapping in the energy-dependent trap DOS 

on 𝑉T. The trap DOS has been modelled using discrete levels [105]–[107], an 

exponential distribution [108], [109], and a Gaussian distribution [110], [111]. 

The interpretation of photo-emission spectra [40], [112] and the host-guest dopant 

system of ODSs [113]–[115] favor the choice of double-Gaussian DOS. Previous 

work on that topic considered double Gaussian DOS has focused on their effect 

on charge transport in ODSs [110]–[115]. A study should be conducted to 
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determine how the Gaussian trap DOS alters charge carrier accumulation and 

subsequent threshold behavior in OFETs with ODSs. 

The aim of this work is to understand the effect of charge trapping in the 

secondary Gaussian trap DOS on threshold behavior through the double Gaussian 

DOS model and accumulation mode operation of OFETs. By varying an energetic 

position of the secondary Gaussian trap DOS from the intrinsic Gaussian DOS, 

we extract the Fermi-level, surface charge density and the gate-voltage dependent 

field-effect mobility. These parameters allow to clarify a physical mechanism of 

the charge filling into Gaussian intrinsic and trap DOSs as well as the concomitant 

effect on the 𝑉T. 

In Sec. 4.1, we examined the ratio method that is reliable 𝑉T extraction 

mehtod for non-linear transfer characteristics. Also, we demonstrate the physical 

meaning of 𝑉T through the single Gaussian DOS and the accumulation mode 

operation. In Sec. 4.2, the charge trapping in the secondary Gaussian trap DOS is 

comprehended by the double Gaussian DOS model. Also, relevant variation of 

the threshold behavior and the power-law mobility are studied. Lastly, the 

experimental validation is studied by numerical fitting to experimental data. 

 

4.1 Effect of single Gaussian density of states 

4.1.1 Validation of the ratio method 

First and foremost, a quantitative analysis on threshold behavior requires a 

precise, simple and rigorous extraction method for the threshold voltage. In this 

study, we used the ratio method to extract the effective threshold voltage 𝑉T
eff 

[116], [117]. The ratio 𝜂 can be numerically and analytically calculated by, 

𝜂 =
𝜕𝑅on/𝜕𝑉GS

𝜕2𝑅on/𝜕𝑉GS
2 =

𝑉GS − 𝑉T
eff

𝛾 + 2
, (4.1) 

where 𝑅on  is the on-state resistance and 𝛾  is the exponent of the power-law 

dependency. The analytical solution allows to determine 𝑉T
eff and 𝛾 by a linear 

fit to numerical solution. The method excludes the effect of the drain voltage on 

𝑉T by 𝑉T
eff = 𝑉T + 𝑉DS/2  [79]. In addition, the method is suitable not only for 

a transistor consisting of a crystalline semiconductor that exhibits perfectly linear 
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transfer characteristics but also for a transistor consisting of a semiconductor with 

disorder or traps that exhibits a superlinear or a sublinear transfer characteristics 

due to 𝑉GS-dependent mobility and contact resistance by power law.  

The transfer curve was simulated assuming only the single Gaussian DOS 

and that there are no extrinsic traps and interface charges (Fig. 4.1a). The 

simulation used parameters (Table 4.1) that are typical of this type of device. The 

value of 𝑉T
eff  extracted by the ratio method (𝑉T.Ratio

eff = −0.45 𝑉)  was 

significantly smaller than that extracted by the linear extrapolation method (LEM) 

(𝑉T.LEM
eff = −13.1 𝑉). The drain current ID was ~10-12 A at 𝑉GS = 𝑉T.Ratio

eff  and the 

drain current exponentially increased around 𝑉T.Ratio
eff , whereas ID was ~10-6 A at 

 

Fig. 4.1. (a) Simulated transfer characteristic and extracted 𝑉T
eff by both ratio 

and linear extrapolation methods. (b) Calculated hole density along the y-

direction at the center of channel. 
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𝑉GS = 𝑉T.LEM
eff  which suggests that the transistor is already turned on (Fig. 4.1a). 

Many researchers adopt the LEM to extract 𝑉T
eff , but this method is not 

applicable for OFETs due to non-linear transfer characteristics [117]. Because 

most of OFETs show non-linear transfer curves, 𝑉T.Ratio
eff  is a more appropriate 

parameter than 𝑉T.LEM
eff  for the analysis of the threshold behavior of OFETs. 

 

4.1.2 Physical origin of threshold voltage 

The simulated hole carrier density profile across the channel at the center of the 

channel (Fig. 4.1b) as well as pseudo three-dimensional (3D) plots of hole density 

(Fig. 4.2) near 𝑉T.Ratio
eff   illustrates the channel-formation process by 

accumulation and provides a physical meaning to the value of 𝑉T
eff. The hole 

carrier density profile across the channel (i.e. along the y direction) was simulated 

considering a Gaussian DOS with 𝜎i = 0.2 eV at 𝑉GS = -0.45 V (𝑉T.Ratio
eff ), -0.95 

V, -1.45 V and -1.95 V. When 𝑉GS = 𝑉T.Ratio
eff , the carrier density was constant all 

along the y-direction (Fig. 4.1b). This clearly shows that there is no preferential 

Table 4.1. List of parameters for the numerical simulation. 

Categories Parameters Values 

Source/Drain electrode Work function 𝑊S/D 4.9 eV 

Insulator Dielectric constant 휀i 2.5 

Organic semiconductor Dielectric constant 휀s 4 

 Total molecular density 𝑁i 3 × 1021 cm−3 

 Gaussian disorder 𝜎i 0.2 eV 

 Injection barrier 𝐸b 1.0 eV 

 Zero-carrier mobility 

𝜇0(𝑇 =  300 K) 

3 × 10−3 cm2/V

∙ s 

Donor-like bulk trap Total trap density 𝑁𝑑 1 × 1015 cm−3 

 Gaussian width 𝜎d 0.2 eV 

 Energy difference 𝐸d Variable 
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accumulation of charge-carrier at the semiconductor-insulator interface at 

threshold. When |𝑉GS| > |𝑉T.Ratio
eff | , the carrier density became higher at the 

interface than the bulk. In addition, the hole density in the channel region was 

comparable to (Fig. 4.2b) or higher than (Fig. 4.2c and d) the source/drain region, 

establishing the conducting channel. 

The surface charge density per unit area 𝑄S (Fig. 4.3a) and the surface 

potential 𝑉S  (Fig. 4.3b) near 𝑉T
eff  provide a consistent physical meaning to 

𝑉T
eff. 𝑄S was obtained by integrating the hole density along the y-axis (Fig. 4.1b) 

and by multiplying by the elementary charge. Before 𝑉GS  reaches 𝑉T
eff , 𝑄S 

increased exponentially but still negligible in quantity due to a weak 

accumulation. Therefore, 𝑉GS ≈ 𝑉S  because the voltage across the insulator 

𝑉i ≈ 0 (𝑉i = 𝑄S/𝐶i  and 𝑉GS = 𝑉i + 𝑉S  where 𝐶i = 휀i휀0/𝑑i [F ∙ cm−2]  is the 

 

Fig. 4.2. 3D plot of hole density in semiconductor region for (a) 𝑉GS = -0.45 

V = 𝑉T
eff, (b) -0.95 V, (c) -1.45 V and (d) -1.95 V. Each cutline represents a 

line to extract results of Fig. 3.1b. S: Source, D: Drain. 
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areal gate insulator capacitance) . This phenomenon originates from the initial 

position of the equilibrium Fermi level of the semiconductor. In intrinsic ODSs, 

the Fermi level is located near the middle of the band gap at which the energetic 

distance from HOMO edge is few eV. Therefore, 𝑄S is negligible and 𝑉GS ≈ 𝑉S 

before the Fermi level reaches the edge of HOMO. When |𝑉GS| > |𝑉T.Ratio
eff | , 

charge density rose exponentially and more abruptly indicating a strong 

accumulation. In this regime, 𝑉GS ≈ 𝑉i because 𝑉S was saturated and 𝑉i ≫ 𝑉S. 

Therefore, we can define 𝑉T
eff  as the voltage at which 𝑄S  starts to rise 

exponentially and this result supports the hypothesis that the origin of 𝑉T
eff is a 

channel threshold by charge accumulation. Moreover, calculated 𝑄S  and 𝑉S 

under both variable (EGDM) and constant mobility were identical. This result 

convinces that the channel formation by 𝑄S is not controlled by the mobility. 

To validated 𝑉T.Ratio
eff  in OFET device, the field-effect mobility (Fig. 4.3c) 

was calculated using the EGDM [84]. In general, the carrier mobility increases 

monotonically throughout the entire regime, and shows a power-law dependence 

on 𝑉GS for |𝑉GS| ≥ |𝑉T
eff| in agreement with what observed for various OFETs 

[118], [119]. This was attributed to the disorder in the semiconductor layer. The 

power-law carrier mobility was initially explained for a transistor with 

exponential DOS by using an analytical approach [25]. The validity of the power-

law dependence was further extended to a transistor with Gaussian DOS for a 

practical range of operation voltage [6]. The appearance of power-law 

Fig. 4.3. (a) The surface charge density per unit area (b) and the surface 

potential at the interface with insulator (𝑦 = 0) EGDM (filled symbol and 

line) and constant mobility (dotted line) were assumed in the calculation. (c) 

Calculated mobility by EGDM. The mobility exhibits the power-law 

dependence to VGS for |VGS| > |VT
eff|. 
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dependence for |𝑉GS| ≥ |𝑉T
eff|  is evidence that the conducting channel is well 

formed. This inference reinforces the correlation between the definition of 𝑉T 

(as the gate voltage at which 𝑄S starts to appear in the semiconductor) and the 

physical meaning of 𝑉T (at which the channel is created). 

Lastly, 𝑉T
eff by the ratio method is comparable with the turn-on voltage 

𝑉0 that commonly defined as a crossover of a current threshold in the logarithm 

scale [74], [75], [120]. 𝑉0  is an alternative parameters of the 𝑉T  because 

classical 𝑉T extraction methods [72] such as LEM [75] and √𝐼DS method [74] 

were not successful for OFETs. In our calculation, 𝑉T
eff  was similar with 𝑉0 

(crossover of a current threshold at 𝐼DS = 10−12 A) because the physical origin 

of both parameters are identical as the voltage where the preferential 

accumulation of charge carrier starts [75]. However, because 𝑉0  is highly 

depending on an off-current level in the real, the reliable extraction of 𝑉0  is 

vulnerable to the property of the gate dielectric and the amount of trap states [121]. 

In contrast, 𝑉T.Ratio
eff   is only determined by the energetic structure and the 

accumulation not by the off-current level so that 𝑉T.Ratio
eff   is more reliable 

parameter than 𝑉0. 

 

4.1.3 Effect of Gaussian width 

In this section, we examine the effect of Gaussian width on the threshold voltage. 

We fixed the energetic distance between Fermi level 𝐸F and HOMOonset as 1.2 

eV and varied 𝜎 = 0.05, 0.1, 0.15 and 0.2 eV (Fig. 4.4a) where HOMOonset =

HOMOmax + 2𝜎 . Calculated transfer characteristics with various 𝜎  is 

normalized to maximum of each drain current (Fig. 4.4b). Through the ratio 

method, extracted 𝑉T
eff  decreased when 𝜎  decreased; 𝑉T

eff =

−0.86, −0.81, −0.69 and −0.45 V for 𝜎 = 0.05, 0.1, 0.15 and 0.2 eV.    

 Extracted 𝑉T
eff values reduced because of the deep tail states of Gaussian 

DOS. When 𝜎  increased, Gaussian broadening is significant and tail states 

deeply penetrate toward 𝐸F. Therefore, the energetic distance between the initial 

position of the equilibrium Fermi level (middle of bandgap) and the band edge 

reduce. As aforementioned explain in Fig. 4.3, this energetic distance is origin of 

𝑉T
eff under the intrinsic condition, Gaussian width affects on 𝑉T

eff.  
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Also, the discrepancy between the ratio method and the LEM decreased 

when 𝜎  decreased because non-linear transfer characteristics disappeared 

gradually. Linearity of transfer curve depends on the gate-voltage dependent 

mobility that is almost zero at low Gaussian width, e.g. 𝜎=0.05 eV. Therefore, 

the validity of LEM relies on the Gaussian width.  

 

4.1.4 Fixes charges 

In FETs, fixed charges 𝑄F  can be generated unintentionally at the insulator-

semiconductor interface during fabrication (Fig. 4.5a) [71]. The presence of the 

fixed charges leads to band bending, which requires application of additional 𝑉GS 

to flatten the band and causes a shift in 𝑉T
eff . Many researchers adopted this 

concept to account for the threshold behavior of OFETs [122]–[124]. In this 

section, we present the effect of the fixed charge on 𝑉T
eff in OFETs under the 

intrinsic Gaussian DOS by systematic numerical simulation and analytical 

interpretation. 

The transfer curves were calculated for 𝑄F  = 0, 11010, 51010 and 

11011 cm-2 (Fig. 4.5b) using parameters in Table 4.1. 𝑉T
eff  for each transfer 

characteristic was then determined using the ratio method (Fig. 4.5c). 𝑉T
eff 

increases linearly with 𝑄F and this behavior can be modelled as 

 

Fig. 4.4. (a) Schematic of Gaussian DOS with various 𝜎 = 0.05,

0.1, 0.15  and 0.2  eV. Energetic distance between Fermi level and 

HOMOonset  is fixed to 1.2 eV. (b) Simulated transfer characteristics with 

various 𝜎 and (c) ratio method to extract 𝑉T
eff.  
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𝑉T
eff = 𝑞 ∙ 𝑄F/𝐶i. (4.2) 

The slope extracted from Fig. 4.5c (4.3510-11 C/(Fcm-2)) is almost identical to 

that calculated from 𝐶i  (4.3410-11 C/(Fcm-2)). The values of sub-threshold 

swing were SS = 84 mV/dec for all 𝑄F  values. In addition, when simulated 

transfer curves and mobility by EGDM were plotted with respect to the 

|𝑉GS − 𝑉T
eff|  (Fig. 4.5d and e) instead of 𝑉GS , curves overlapped to a perfect 

single curve for various 𝑄F. This means, interestingly, that the presence and the 

variation of 𝑄F  affects only the threshold behavior and does not affect other 

transistor parameters; a previous paper reported the same conclusion [107].  

As 𝑄F  does not affect electrical characteristic of OFETs, the origin of 

𝑉T
eff with 𝑄F should be same as the channel threshold despite their large values. 

As can be anticipated by Fig. 4.3a, 𝑄s was insignificant for |𝑉GS| < |𝑉T
eff| and 

increased abruptly from the threshold (Fig. 4.5f). 𝑉T
eff  where 𝑄s  starts to be 

 

Fig. 4.5. (a) Schematic of fixed charges in the OFET device. (b) Simulated 

transfer curves and (c) extracted 𝑉T
eff  by ratio method for various 𝑄F . (d) 

Plotted transfer curves and (e) charge carrier mobility with respect to 

|𝑉GS − 𝑉T
eff|. (f) Extracted 𝑄S for each 𝑄F. 
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accumulated followed the prediction of Eq. (4.2) while slopes of 𝑄s  were 

identical for various 𝑄F; it is proved again that 𝑄F affects only the threshold 

behavior of the device. Here, 𝑄F delays the channel formation because positive 

fixed charges behave as positive gate bias [71] and they screen the semiconductor 

layer from the field-effect.  

Although the threshold behavior of OFETs with 𝑄F  and its analytical 

relation in Eq. (4.2) are equivalent to those in MOSFETs, its physical 

understanding should be differed. In MOSFETs, an additional voltage is 

necessary to flatten the band because 𝑄F induces the unexpected charges and 

band bending. However, the absence of charge density at below threshold in 

OFETs (𝑄s ≈ 0), neither the hole nor the electron, signifies that there is no band 

bending by 𝑄F . This phenomenon originates from the full depletion of 

unintentionally-doped organic semiconductor in OFETs at variance with 

MOSFETs [125]. At full depletion condition, there are no electrons ionized from 

dopant molecules or injected from the contact because of a high electron injection 

barrier. Therefore, an additional voltage is necessary by 𝑄F  to alleviate its 

screening effect on the semiconductor and to form the channel in OFETs.  

 

4.2 Effect of double Gaussian density of states  

4.2.1 Charge trapping and threshold voltage 

The charge trapping in the extrinsic trap states have been regarded as a key factor 

that modifies 𝑉T
eff  [97]. These states could originate from impurity guest 

molecules [126] or chemical reactions with oxygen or moisture [127], [128]. In 

this section, we study the mechanism of the charge trapping into the secondary 

Gaussian trap DOS and concomitant threshold behavior by the double Gaussian 

DOS model [96]. For secondary Gaussian trap DOS, we consider donor-like trap 

states because they trap charge carriers in p-type OFETs, whereas acceptor-like 

trap states give additional charge carriers as a dopant. In addition, surface 

termination of organic semiconductor merely induces interface traps due to the 

weak intermolecular bonding of ODS [97] so the trap effect on 𝑉T
eff is attributed 

only to the bulk trap states. The double Gaussian DOS model is different from a 

previous model that used trap states that had a single energy level [129]. The total 

density of trap states 𝑁d and the distance between the trap states and the intrinsic 
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DOS 𝐸d are independent of each other in the single-energy level model, but they 

are correlated in the double-Gaussian DOS model. For the double-Gaussian DOS 

model, if 𝐸d decreases, then the tail of the trap Gaussian DOS merges with the 

intrinsic Gaussian DOS and the trapped charge density 𝑝trap decreases. If 𝐸d 

increases, the DOSs separate and 𝑝trap increases.  

 

Fig. 4.6. (a) 𝑉T
eff  extracted by ratio method (black) and 𝑝trap  (blue) with 

respect to various 𝐸d . (b) Areal charge density of the fixed charge at the 

insulator 𝑄F/𝑞  (solid) and filled in double Gaussian DOS at each ∆𝑉T
eff . 

𝑝total  considers both intrinsic and secondary DOS and 𝑝trap considers only 

un-overlapped secondary DOS. (c) Schematic of the double Gaussian DOS at 

𝑉GS = 𝑉T
eff. 
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In our calculation, when 𝐸d  increased from 0.8 eV to 1.2 eV, 𝑉T
eff 

extracted by the ratio method from simulated transfer curves decreased 

monotonically because 𝑝trap increased due to the separation of two Gaussian 

DOSs (Fig. 4.6a). In particular, it was not 𝑝trap but 𝑝total, which is defined as 

the sum of 𝑝trap and space charge density 𝑝s in the intrinsic Gaussian DOS, 

that led to the same amount of threshold voltage shift ∆𝑉T
eff  as 𝑄F does (Fig. 

4.6b). The threshold voltage shift resulting from fixed interface charge abides by 

𝑉T
eff = 𝑞𝑄F/𝐶i  (Fig. 4.5c). Electrostatically, the same ∆𝑉T

eff  is expected 

regardless of the origin of charge. Therefore, it can be inferred that the charge 

carriers are filling the intrinsic and secondary Gaussian trap DOS simultaneously 

(Fig. 4.6c). Note that these charges reside at 𝐸 ≥ 𝐸F(𝑉T
eff) dominantly manifest 

the subthreshold and near-threshold current. The double Gaussian DOS model is 

different from the previous model consisting of band-like intrinsic DOS and 

single level or uniform trap states [129] in that the depth and the total trap density 

can be tailored.   

The simultaneous charge filling in the double Gaussian DOS makes a 

difference in transfer characteristics. When transfer curves were calculated with 

the secondary Gaussian trap DOS with various 𝐸d (Fig. 4.7a), the trap states led 

to the hump effect while 𝑉T
eff shifted negatively. By ratio method (Fig. 4.7b), 

𝑉T
eff varied from -0.45 V, -2.54V, -3.7V and -4.7 V and 𝛾 varied from 1.91, 1.99, 

2.02 and 2.04 (Fig. 4.7c). The subthreshold swing SS increased from 0.084 V/dec 

to 2.1, 2.3, 2.4 V/dec for the trap-free, 𝐸d = 0.9, 1.0 and 1.1 eV. This result is 

at variance with the presence of 𝑄F in Fig. 4.5 that any hump effect was not 

found in calculated transfer characteristics with various 𝑄F and SS were almost 

identical for all 𝑄F. This behavior can be understood by calculated 𝑄S (Fig. 4.7d) 

and 𝐸F (Fig. 4.7e) with various condition. The Fermi levels from the maximum 

energy of the HOMO were extracted by the Gauss-Fermi integral by the mean 

hole density across the center of the channel (x = L/2). With the secondary 

Gaussian trap DOS, the rise of 𝑄S and 𝐸F delayed when 𝐸d increased, similar 

with the hump effect in transfer curves. Because 𝑄S and 𝐸F only accounted for 

the mobile charge density in the intrinsic Gaussian DOS, this illustrates that the 
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accumulation of mobile charge reduced at |𝑉GS| < |𝑉T
eff| due to the division of 

charge filling in two DOSs. If the charge carriers start to fill in the intrinsic DOS 

after they populate all trap states completely, 𝑄S and 𝐸F would have not rise at 

|𝑉GS| < |𝑉T
eff| and there would have been no hump effect. 

In addition, the physical meaning of 𝑉T
eff under the presence of extrinsic 

trap states can be comprehended by 𝑝trap. We numerically calculated the trapped 

charge density with respect to the 𝐸F , 𝑝trap(𝐸F) , and it was aligned with the 

double Gaussian DOS (Fig. 4.8a). When 𝐸F  decreased toward HOMOmax 

(𝐸F = 0 eV) at T=300 K, 𝑝trap(𝐸F) for each 𝐸d gradually increased and finally 

saturated at 𝐸F of 𝑉GS = 𝑉T
eff. That is to say, the energy that trap states were 

totally filled indicates 𝐸F  of 𝑉T
eff , not 𝐸F = 𝐸node  where trap DOS is 

completely absorbed into the intrinsic DOS. This originated from the distribution 

of the Fermi-Dirac statistics. The Fermi-Dirac distribution is a perfect step 

 

Fig. 4.7. Calculated (a) transfer curves, (b) ratio method, (c) extracted 𝑉T
eff 

and 𝛾  (d) 𝑄s , (e) Fermi level 𝐸F  with various 𝐸d  value for 𝜎d = 0.2 eV . 

In (a), voltages where dotted lines meet x-axis indicate 𝑉T
eff extracted using 

the ratio method.  
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function at T=0 K, whereas the distribution is a gradual curve at T=300 K due to 

the thermally generated charges. Thus, 𝐸F should move closer to HOMOmax at 

300 K than 0 K to finish the trap filling process. (Fig. 4.8b). The fact that 

𝑝trap(𝐸F) saturated at 𝐸F = 𝐸node for T=0 K can support this argument. 

 

4.2.2 Effects on the power-law mobility  

It is more practical to extract mobility 𝜇 than 𝑄S and 𝐸F to study the threshold 

behavior because the mobility can be easily extracted and reflected the behavior 

of 𝑄S  and 𝐸F  (Fig. 4.9a). Especially, the entire shape of 𝜇  versus 𝑉GS  is 

similar with 𝐸F  versus 𝑉GS  because the field-effect mobility is highly 

depending on the mobile charge density. At the |𝑉GS| < |𝑉T
eff|  the rise of 

mobility was delayed with deep trap states by large 𝐸d ; mobile charges were 

 

Fig. 4.8. (a) Calculated double Gaussian DOS near the 𝑉T
eff and 𝐸node. 𝐸F 

at 𝑉T
eff for each 𝐸d corresponded with 𝐸F that trap states were totally filled 

(𝑝trap(𝐸F)  was saturated) at T=300 K (red symbols). 𝐸node  corresponded 

with 𝐸F  that trap states were totally filled at T=0 K (black symbols). (b) 

Schematic of double Gaussian DOS and Fermi-dirac distribution for both T=0 

K and 300 K. 
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Fig. 4.9 Calculated field-effect mobility and Fermi level with respect to (a) 

𝑉GS  and (b), (c) |𝑉GS − 𝑉T
eff|  with various 𝐸d  values. In (a), vertical dot 

lines illustrate 𝑉T
eff. 
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almost depleted due to the charge trapping. At |𝑉GS| ≥ |𝑉T
eff| , each mobility 

showed a power-law dependency; the channel was formed by charge carrier 

accumulation. 

 In addition, the magnitude of the mobility is an extractable evidence of 

the simultaneous charge filling mechanism into the double Gaussian DOS. When 

𝐸d  increased, the power-law mobility plotted with respect to the |𝑉GS − 𝑉T
eff| 

exhibited high magnitude (Fig. 4.9b) consequent upon the same tendency of 

extracted 𝐸F (Fig. 4.9c). This result originated from the position of 𝐸F(𝑉T
eff) in 

the double Gaussian DOS (Fig. 4.10). Because the complete trap DOS filling is 

the physical origin of 𝑉T
eff  under the double Gaussian DOS, 𝐸F(𝑉T

eff)  is 

determined by a constant energetic shift from 𝐸node to compensate the gradual 

curve of the Fermi- Dirac distribution at T=300 K. Therefore 𝐸F(𝑉T
eff) moved 

toward HOMOmax  with increased 𝐸d  following the shift of 𝐸node . If the 

carriers fill the trap DOS and the intrinsic DOS sequentially and separately, 

𝐸F(𝑉T
eff)  for various 𝐸d  would be invariable because mobile charge carriers 

would not exist in the intrinsic DOS before trap DOS is completely filled at 

𝑉GS = 𝑉T
eff. The overlapped transfer characteristics and power-law mobility plots 

with respect to |𝑉GS − 𝑉T
eff| for various 𝑄F can support this statement because 

𝑄F did not affect on the charge accumulation in the intrinsic DOS (Fig 4.5).  

 

Fig. 4.10. (a) Schematic of double Gaussian DOS with various 𝐸d . (b) 

Variation of 𝛾 , 𝐸F  at 𝑉GS
max  and 𝐸F  at 𝑉T

eff  with respect to 𝐸d . 

Exponential DOS model can be approximated in Gaussian DOS model within 

𝑉GS operating regime. 
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The magnitude of mobility provides additional information on the effect 

of the secondary Gaussian trap DOS. At low gate voltage limit, the mobility 

asymptote is about 6 × 10−3 cm2/V ∙ s  that is slightly higher than the zero-

carrier mobility 𝜇0(𝑇 =  300 K)  = 3 × 10−3 cm2/V ∙ s  (Fig. 4.9a). This 

discrepancy accounts for a small amount of charges existing in the intrinsic DOS 

due to simultaneous charge filling. It can be inferred that, despite the 

simultaneous filling, a majority of carriers fills secondary Gaussian DOS and get 

trapped at very low gate voltage (0.1 ~ 1V for different 𝐸d). At near-threshold 

voltage (𝑉GS ≲ 𝑉T
eff), on the other hand a significant portion of carriers fill the 

intrinsic Gaussian DOSs and be subject to hopping transport. 

The presence of the secondary Gaussian trap DOS alters the power-law 

exponent 𝛾 as well as the magnitude of mobility (Fig. 4.10b). The extracted 𝛾 

by the ratio method increased when 𝐸d  increased. From a direct numerical 

calculation of 𝐸F, as 𝐸d increases, 𝐸F(𝑉T
eff) moves toward HOMOmax while 

𝐸F(𝑉GS
max) was relatively invariable; Calculated 𝐸F(𝑉T

eff) were 1.17, 0.98, 0.953, 

0.94 eV and calculated EF(VGS
max) were almost identical as 0.715, 0.719, 0.722 

and 0.725 eV for intrinsic, 𝐸d = 0.9, 1.0  and 1.1  eV, respectively. The 

operating range between 𝑉T
eff  and 𝑉GS

max  reduces in energy scale. Therefore, 

when 𝐸d increased, the tangent of the approximated exponential DOS decreased 

and 𝛾  increased with 𝑇0  because 𝛾 = 𝑇0/𝑇 − 1  where 𝑇0  is the 

characteristic temperature of the approximated exponential DOS to the intrinsic 

Gaussian DOS. (Fig. 4.10a) 

 

4.2.3 Experimental validation 

In this section, we validate the effect of charge trapping in the double Gaussian 

DOS on the threshold behavior by the numerical fitting to experimental data. We 

fabricated bottom-gate top-contact ink-jet printed OFETs with Tips-pentacene 

and 4 different soluble polyimides gate dielectric, DOCDA-DABC, DOCDA-

MDA, 6FDA-DABC and 6FDA-MDA (Fig. 4.11 and more details on Appendix) 

[130]. We observed that chemical engineering of block copolymer gate insulators 

enables improvement of the characteristics of bottom gate transistors (symbols in 

Fig. 4.12 a and b). A plausible explanation was unsatisfactory in that, regardless 

of different dielectric conditions, we obtained an excellent smoothness from the 
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AFM image of the gate insulator layers as well as well-oriented millimeter-scale 

domains from polarized microscopy and no obvious difference in diffractogram 

peaks along the out-of-plane GIWAXS pattern of the Tips-pentacene layer [130]. 

A comparative analysis between the measured and simulated device 

characteristics could provide a more direct explanation on structure-performance 

relationship.  

To fit the experimental data, we grouped four OFETs into two categories: 

two OFETs with 6FDA-based polyimides and two OFETs with DOCDA-based 

polyimides. The polyimides with MDA monomers in each group made 𝑉T
eff shift 

more negatively than those with DABC monomers while they maintained above-

threshold behavior. Because the subthreshold swing changed in each group, the 

numerical fitting by the double Gaussian DOS is more adequate than by 𝑄F to 

analyze threshold behavior. Therefore, we assumed the OFETs with MDA-based 

gate insulator has the deep secondary Gaussian bulk trap DOS with large 𝐸d. 

 

Fig. 4.11. Schematic of ink-jet fabricated OFETs with Tips-pentacene as a 

semiconductor layer and 4 soluble polyimide gate-dielectrics, 6FDA-DABC, 

6FDA-MDA, DOCDA-DABC and DOCDA-MDA. 
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Here, we did not consider the interface trap states because the surface roughness 

and the surface energy showed similar values regardless of materials [130] so that 

the effect semiconductor-insulator properties were weak. In addition, polyimides 

with MDA monomer showed a clear hysteresis in transfer curves [130] that 

commonly originated from the charge trapping in deep bulk trap states [102], 

[131]; This justifies OFETs with MDA-based polyimides has the deep bulk trap 

states. 

Experimentally measured transfer curves were successfully fitted by 

simulated transfer curves by adjusting only 𝐸d in the double Gaussian DOS (Fig. 

4.12a, b). Parameters that used in the simulation are listed in Table 4.2 for OFETs 

with 6FDA-based gate insulators and in Table 4.3 for OFETs with DOCDA-based 

gate insulators. For each group, fitting parameters were identical except for the 

𝐸d. Because the gate insulator with MDA monomer induced more negative ∆𝑉T
eff, 

fitted 𝐸d increased from 0.34 eV (6FDA-DABC) to 0.5 eV (6FDA-MDA) for 

6FDA-based OFETs and from 0.4 eV (DOCDA-DABC) to 0.43 eV (DOCDA-

MDA) for DOCDA-based OFETs. Also, 𝑉T
eff and 𝛾 were extracted by the ratio 

method from measured transfer curves (Fig. 4.12c and d). For 6FDA-based gate 

insulators, 𝑉T
eff =1.45 V / 𝛾 =1.71 (6FDA-DABC) and 𝑉T

eff =0.53 V / 𝛾 =1.89 

(6FDA-MDA) were extracted. For DOCDA-based gate insulators, 𝑉T
eff=-0.1 V / 

𝛾=1.461 (DOCDA-DABC) and 𝑉T
eff=-0.35 V / 𝛾=1.561 (DOCDA-MDA) were 

extracted.  

The simultaneous charge filling mechanism in the double Gaussian DOS 

can be experimentally validated. When fitted 𝐸d increased, extracted 𝑉T
eff and 

𝛾 increased. From the direct calculation of 𝐸F by numerical fitting, 𝐸F(𝑉T
eff) 

moved toward HOMOmax  at large 𝐸d  while 𝐸F(𝑉GS
max)  was relatively 

invariable (Fig. 4.12e and f). Therefore, the operating regime between 𝑉T
eff and 

𝑉GS
max reduced with the deep trap DOS so that 𝛾 increased with 𝐸d. This result 

is exactly corresponding with the aforementioned numerical prediction. 

The variation of 𝑉T
eff  and 𝛾  in each group was proportional to the 

variation of 𝐸d ; ∆𝐸d = 0.16  eV accounted for ∆𝑉T
eff = −0.92  V and ∆𝛾 =

0.19  for 6FDA-based group and ∆𝐸d = 0.03  eV accounted for ∆𝑉T
eff =

−0.25 V ∆𝛾 = 0.1 for DOCDA-based group. That is to say, when the power-

law exponent 𝛾  and 𝑉T
eff  are increased, trap DOS becomes deeper. Also, 
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OFETs with 6FDA-based polyimides adopted relatively high 𝜇0(300 K)  than 

DOCDA-based polyimides and negative 𝑄F  to shift overall transfer curves 

toward positive direction because fluorine atoms in the polyimides backbone 

increased the field-effect mobility and 𝑉T
eff shift to positive voltage [132].  

 

 

Fig. 4.12. Measured (dotted lines) and simulated (solid lines) transfer curves 

of Tips-pentacene based OFET with (a) 6FDA-DABC, 6FDA-MDA and (b) 

DOCDA-DABC, DOCDA-MDA as gate insulators. (c), (d) Calculated ratio 

with respect to 𝑉GS from the measurements (dotted lines) and their analytical 

fits by Eq. (4.1) (solid lines) to extract 𝛾 and 𝑉T
eff. (e) (f) Extracted 𝛾 from 

measurement and 𝐸F at 𝑉GS
max and 𝑉T

eff from numerical simulation for 𝐸d 

that used in the fitting in (a) and (b).    
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Table 4.2. List of parameters for the numerical fitting of 6FDA-based OFETs. 

Categories Parameters Values 

Source/Drain electrode Work function 𝑊S/D 4.9 eV 

Organic semiconductor Dielectric constant 휀s 3.6 
 

Total molecular density 𝑁i 3 × 1021 cm−3  

 Gaussian disorder 𝜎i 0.1 eV 

 Injection barrier 𝐸b 0.3 eV 

 Zero-carrier mobility 𝜇0(𝑇 =

 300 K) 

4.56 × 10−2 

cm2/V ∙ s 

6FDA-DABC (Insulator) Dielectric constant 휀i 3.16 

 Dielectric thickness 𝑑i 148 nm  

 Fixed charge density 𝑄F −1.5 × 1011  cm−2   

Bulk trap DOS Total trap density 𝑁𝑑 1 × 1015 cm−3  

 Gaussian width 𝜎d 0.15 eV  

 Energy difference 𝐸d 0.34 eV  

6FDA-MDA (Insulator) Dielectric constant 휀i 2.88  

 Dielectric thickness 𝑑i 116 nm  

 Fixed charge density 𝑄F −1.5 × 1011 cm−2   

Bulk trap DOS Total trap density 𝑁𝑑 1 × 1015 cm−3  

 Gaussian width 𝜎d 0.15 eV  

 Energy difference 𝐸d 0.5 eV  
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Table 4.3. List of parameters for the numerical fitting of DOCDA-based 

OFETs. 

Categories Parameters Values 

Source/Drain electrode Work function 𝑊S/D 4.9 eV 

Organic semiconductor Dielectric constant 휀s 3.6 
 

Total molecular density 𝑁i 3 × 1021 cm−3  

 Gaussian disorder 𝜎i 0.1 eV 

 Injection barrier 𝐸b 0.3 eV 

 Zero-carrier mobility 𝜇0(𝑇 =

 300 K) 

2.15 × 10−2 

cm2/V ∙ s 

DOCDA-DABC  Dielectric constant 휀i 3.3 

(Insulator) Dielectric thickness 𝑑i 126 nm  

Bulk trap DOS Total trap density 𝑁𝑑 1 × 1015 cm−3  

 Gaussian width 𝜎d 0.1 eV  

 Energy difference 𝐸d 0.4 eV  

DOCDA-MDA  Dielectric constant 휀i 3.15  

(Insulator) Dielectric thickness 𝑑i 120 nm  

Bulk trap DOS Total trap density 𝑁𝑑 1 × 1015 cm−3  

 Gaussian width 𝜎d 0.1 eV  
 

Energy difference 𝐸d 0.43 eV  
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Chapter 5 

Mobility modeling 

 

In the device modelling, transport behavior of charge carriers in ODSs is the most 

important but challenging point because of different characteristics with the 

conventional inorganic counterpart; low mobility with dependency on the electric 

field, the temperature and the charge carrier concentration [82]. To understand 

this transport behavior, many researchers have developed the charge carrier 

mobility model based on Gaussian DOS. As an initial work, Bassler proposed the 

GDM [68]. The model stated that the charge carrier transport occurs via 

thermally-assisted hopping within randomly distributed localized states and it can 

explain the electric field and the temperature dependency of the hopping transport 

in ODSs. Pasveer and coworkers developed the GDM by adding additional charge 

carrier dependency of the mobility [84], so-called the EGDM. Today, the EGDM 

is the most widely accepted hopping transport model for ODSs and many 

commercial simulators provide this model for users [85], [86]. 

Although wide usage of the EGDM, several facts cannot guarantee an 

exact solution of the EGDM for transport behavior of ODSs. First, the initial 

parametrization of the EGDM yields too low mobility to describe transport of 

high mobility devices, i.e. organic field effect transistors (OFETs). For instance, 

the carrier mobility calculated by the EGDM shows 10−9 − 10−15 cm2/V ∙ s 

under typical parameters of the charge density, the Gaussian width and the electric 

field [84]. Such low mobility may be applicable for materials with low mobility 

and diode applications. In recent OFETs, however, the carrier mobility is very 

high because the material design has been remarkably improved [133] and OFETs 

exhibit commonly 3-4 orders of magnitude higher mobility than organic diodes 

thanks to the field effect [6]. Therefore, parameters in the model should be re-

examined to describe proper transport behavior of OFETs. 
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Second, recent studies validated that EGDM cannot accurately describe 

the hopping transport of ODSs [134], [135]. They stated that localized states 

placed at the ordered lattice system (EGDM) and at the spatial disorder system 

(nature of ODSs) produce totally different transport behavior. While a Monte 

Carlo simulation proved that neglect of spatial disorder makes mobility increase, 

it can decrease in spatial disorder under the same parameter condition [134]. In 

addition, a critical parameter which determines electric field dependency of the 

carrier mobility is different between the lattice model and the spatial disorder 

model; An inter-site distance is responsible for the former, but a localization 

length is responsible for the latter. 

Baranovskii and coworkers proposed a solution of the GDM in the spatial 

disorder by a transport energy [82], [87], [88] for any steeply energy-dependent 

DOS, i.e. the exponential DOS and the Gaussian DOS. At the low electric field, 

the mean time of upward hopping rate toward the transport energy from states 

below the transport energy determines the carrier mobility. At the high electric 

field, a concept of the effective temperature was adopted to describe charge 

transport [89], [90]. During the derivation of the GDM by Baranovskii, the model 

assumed consistently both spatial disorder and the variable-range hopping (VRH) 

that led a more precise result than previous GDMs. 

In this study, we propose the physical parametrization of the GDM in the spatial 

disorder by Baranovskii for OFETs. The EGDM and the GDM by Baranovskii 

will be initially compared in terms of the parametrization method and their 

physical rigorousness at the low electric field. Then, we will examine two 

ambiguous physical parameters in GDMs, the localization length and the attempt-

to-escape frequency as key parameters for the explicit parametrization. Finally, 

experimentally measured transfer curves of OFETs at various temperatures will 

validate the parametrization via a numerical simulation. 

 

5.1 Gaussian disorder models 

5.1.1 Limits of initial parametrization 

Before elucidating on the parameterization of the GDM, let us review the 

experimental data on the gate-voltage 𝑉GS dependence of mobility reported in 

the literature, which represents OFETs with various degree of disorder. In Fig. 
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5.1a, each symbol marks the maximum mobility (𝜇max ) and the order of 𝜇 -

modulation by 𝑉GS of a device. The former indicates 𝜇 at the maximum 𝑉GS 

and the latter indicates how many times 𝜇max increases from 𝜇 at the minimum 

𝑉GS within the on-state. The transistors made of single crystal (SC) molecules 

[75], [136], [137] and donor-acceptor (DA) copolymers [1]–[3] exhibited a 

negligible or very small 𝜇-modulation between 1 to 2. On the other hand, the 

transistors consisting of polycrystalline (PC) molecules [9]–[17], semi-crystalline 

(semi-C) polymers [1], [4], [5] and disordered polymers [6]–[8] showed a large 

𝜇-modulation between 5 to 15. In essence, the gate-voltage 𝑉GS dependence of 

mobility is strongly correlated with the type of semiconductor material in terms 

of both 𝜇max and the order of 𝜇-modulation by 𝑉GS. 

According to the GDM, the modulation by charge carrier concentration is 

larger when the disorder is higher. In addition, the 𝜇-modulation by 𝑉GS is equal 

to the same by charge carrier concentration because the application of 𝑉GS 

increases the charge carrier concentration in the channel. This infers that a device 

exhibiting a large 𝜇 -modulation by 𝑉GS  has a higher disorder in the 

semiconductor thin film. In Fig. 5.1b, Gaussian width of representative material 

for each category in Fig. 5.1a was studied from literature. When the Gaussian 

width 𝜎 , which represents the energetic disorder, is small (𝜎 < 2𝑘𝑇 ) such as 

rubrene [138]–[140] and IDTBT [1], [141], 𝜇 -modulation is arithmetic [84] 

[142]. When the Gaussian width 𝜎 becomes larger (𝜎 > 2𝑘𝑇) such as PBTTT 

[1], [143], [144], Pentacene [145]–[148] and PPVs [6], [84], [149], 𝜇-modulation 

is exponential, i.e. 1, 2, 3, and 4 orders of magnitude for 𝜎 = 3𝑘𝑇, 4𝑘𝑇, 5𝑘𝑇 and 

6𝑘𝑇. 

Remarkably, the initial parameterization of the GDM took a small 

localization length 𝑎  (𝑎 ≈ 0.1 nm)  [84], [150] in order to describe 

characteristics of the transistors with molecularly doped polymers [68] and 

chemically modified poly(p-phenylene vinylene)s (PPVs) [84] showing low 

mobility in the range of 10−5~10−4 cm2/V ∙ s with the 𝜇-modulation by about 

an order [151], [152]. For this initial parametrization of the GDM, a small 

localization length 𝑎  was determinant for the low mobility. In fact, most 

previous studies adopted very small values of 𝑎. For instance, 𝑎 = 0.2𝑏 was 

used in the work of Bassler [68] and 𝑎 = 0.1𝑏 was adopted by Pasveer [84]; 

Each value corresponds to 𝑎 ≈ 0.14 nm  for the Bassler’s work and 
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Fig.5.1. 𝜇max  versus 𝜇  modulation by 𝑉GS  for various OFETs at room 

temperature. Donor-Acceptor (DA) copolymer for IDTBT [1] and DPP-DTT 

[2-3]; Semi crystalline (SemiC.) polymer for P3HT [4], PBTTT [1, 5]; 

Disordered polymer for chemically modified PPV [6-8]; Poly crystalline (PC) 

molecule for T6 [9], Pentacene [10-15], diF-TEG-ADT [16] and DH6T [17]; 

Single Crystal (SC) molecule for Rubrene [75,136,137]. Filled symbols 

represent contact resistance modulated 𝜇 and open symbols represent contact 

resistance unmodulated 𝜇. (b) Extracted Gaussian width from literature for 

Rubrene [138-140], IDTBT [1, 141], PBTTT [1, 143, 144], Pentacene [145-

148] and PPVs [6, 84, 149]. 
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𝑎 ≈ 0.07 nm for the Pasveer's work when 𝑏 ≈ 0.7 nm (𝑏 = 𝑁0
−1/3

 and 𝑁0 =

3 × 1021 cm−3). 

On the other hand, this initial parameterization is not adequate to account 

for the high mobility in the range of 10−2 ~10 cm2/V ∙ s  with similar and/or 

large 𝜇-modulation by about an order or larger observed recently from transistors 

with semi-crystalline polymers (e.g. P3HT, PBTTT…) and small molecules (e.g. 

pentacene, Tips-pentacene…). As will be demonstrated in the next sub-section, if 

the initial parameters were used, the calculated mobility results in several order 

of magnitude smaller compared to the measured mobility. This means that the 

charge carrier can hardly hop when the state is strongly localized, i. e. small 𝑎, 

so that the hopping transition rate decreases exponentially by Eq. (2.14). Recent 

Monte-Carlo simulation results also show that the modification of 𝑎 

significantly changes the mobility [134]. Therefore, the increase of 𝑎 would be 

necessary to increase the mobility in a system with higher disorder to a reasonably 

high value.  

In addition, the attempt-to-escape frequency 𝜈0, which is the pre-factor of 

the MA transition rate of Eq. (2), affects the mobility. The common values used 

in the initial parameterization of GDM [82], [84] were taken from phonon 

frequency 1012~1013 s−1 [153], [154] in regards of the charge carrier transfer 

as the emission or the absorption of a phonon abiding by the conservation of 

energy [155]. This means that 𝜈0  could vary depending on the material 

properties such as the electron-phonon coupling strength, the density of states of 

phonon, and hence disorder [156]. Therefore, a further study on the relationship 

between 𝜈0  and mobility from a new perspective is also a timely subject to 

improve the consistency of a new parameterization. 

 

5.1.2 Parametrization method of EGDM 

The parametrization of the GDM starts from five physical parameters of the 

organic material, 𝑁0, 𝜎, 𝑎 and 𝜈0 in Eq. (2.6) and (2.14), and the percolation 

constant 𝐵c which represents the average number of connected sites within the 

hopping distance. Based on these five parmeters, the goal of parametrization in 

EGDM is to find 𝑐1 and 𝑐2 in Eq. (2.17). Initial parametrization of EGDM was 

𝑐1 = 1.8 × 10−9  and 𝑐2 = 0.42  at 𝑁0 ∙ 𝑎3 = 10−3  [84]. In this work, we 
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extracted 𝑐1 and 𝑐2 by direct fitting between the reduced mobility of the zero-

carrier limit 𝜇0(𝑇)/𝜇0  from Eq. (2.17), i.e. 𝑐1exp(−𝑐2�̂�
2),  and from the 

Vissenberg-Matters (VM) model with the Gaussian DOS [83]. We adopted the 

VM model to consider the VRH nature instead of the nearest-neighbor hopping 

(NNH) because the initial numerical solution by Eq. (2.20) only considered first 

and second nearest neighbor hopping [157]. In addition, the VM model provides 

an explicit result of 𝜇0(𝑇)/𝜇0 since the derivation of the analytical expression 

in Eq. (2.17) originated from the VM model. Here, the parametrization of the 

EGDM considered various 𝑁0 ∙ 𝑎3 values, 10−1, 10−2, 10−3 and 10−4. 

 In Fig. 5.2, 𝑐1 and 𝑐2 were extracted by fitting of 𝜇0(𝑇)/𝜇0 from 1𝑘𝑇 

to 6𝑘𝑇 ; 𝑐1 = 2.75 × 10−17  and 𝑐2 = 0.511  at 𝑁0 ∙ 𝑎3 = 10−4 ; 𝑐1 = 1.62 ×

10−8  and 𝑐2 = 0.491  at 𝑁0 ∙ 𝑎3 = 10−3 ; 𝑐1 = 1.86 × 10−4  and 𝑐2 = 0.443 

at 𝑁0 ∙ 𝑎3 = 10−2; and 𝑐1 = 1.54 × 10−2 and 𝑐2 = 0.351 at 𝑁0 ∙ 𝑎3 = 10−1. 

As 𝑁0 ∙ 𝑎3  enhanced 3 orders of magnitude, 𝑐1  increased dramatically more 

than 15 orders of magnitude. This result indicates that variation of localization 

length gives a significantly effect on the magnitude of calculated mobility. In 

contrast, 𝑐2 decreased slightly that illustrates the deviation among different 𝜎 

in the same condition of 𝑁0 ∙ 𝑎3  is reduced. In 𝑁0 ∙ 𝑎3 = 10−1,  calculated 

mobility for 𝜎 = 0.1  and 0.15  eV were overlapped at large p/N0 =10−1 , 

whereas there was a huge deviation in 𝑁0 ∙ 𝑎3 = 10−4. Because 𝑐2 included in 

the exponential term with Gaussian width and temperature, 𝑐2  modulates the 

mobility gap between different Gaussian width. 
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Fig.5.2. Fitting between 𝜇0(𝑇)/𝜇0 from Eq. (2.17) and VM model to extract 

𝑐1  and 𝑐2  (left) and calculated mobility with parametrized 𝑐1  and 𝑐2 

(right) with various Gaussian width 𝜎 for various 𝑁0 ∙ 𝑎3 values (a) 10−4, 

(b) 10−3,   (c) 10−2  and (d) 10−1.  𝜈0 = 1012 1/𝑠  was assumed for all 

calculations. 
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5.1.3 Parametrization method of GDM by Baranovskii 

Different with the EGDM, initial physical parameters determine directly all the 

parameters in GDM by Baranovskii without fitting process (Fig. 5.3). From 𝑁0, 

𝜎 , 𝑎 , 𝜈0  and 𝐵c ,  the dimensionless function for generalized Einstein relation 

𝐹ER , Fermi level 휀F , transport energy 휀t  and hopping distance 𝑟(휀t)  are 

calculated. Then, final mobility can be obtained. Because additional fitting 

process is not necessary for parametrization of GDM by Baranovskii, this model 

is more simple and straightforward. However, selection of initial physical 

parameters is more importance because they determined final mobiliy directly.    

For parametrization of the GDM by Baranovskii, the model transport 

energy 휀t  and hopping distance 𝑟(휀t)  and final mobility were successively 

calculated with variation of the 𝑎  from 0.1 nm to 1nm. The calculation 

considered 𝜎 = 0.05, 0.1 and 0.15 eV  with fixed 𝑝/𝑁0 = 3 × 10−4  at which 

the channel is formed. When 𝑎 was low, 휀t values were close to HOMOmax (0 

meV) and 𝑟(휀t) is very small (Fig. 5.4a and b). As 𝑎 increased one order of 

magnitude, both parameters increased rapidly with respect 𝑎 ; 휀t  increased as 

much as 97, 214 and 414 meV and 𝑟(휀t) increased 0.59, 1.12 and 1.58 nm for 

𝜎 = 0.05, 0.1 and 0.15 eV, respectively from 0.1nm to 1 nm. The increment of 

parameters is remarkable at the large Gaussian width because behaviors of charge 

 

Fig.5.3. The parametrization process of GDM by Baranovskii 

)
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Fig.5.4. Calculated results of (a) transport energy 휀t , (b) hopping distance 

𝑟(휀t)  and (c) final charge carrier mobility of GDM by Baranovskii with 

respect to the 𝑎 . Various 𝜎 = 0.05, 0.1 and 0.15 eV , 𝜐0 = 1 × 1012 1/s 

and 𝑝/𝑁0 ≈ 3 × 10−4 are used for calculation.  
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carriers change easily in the broad Gaussian width. As a consequence, the 

mobility dramatically increased nearly 6, 8 and 10 orders of magnitude from 𝑎 =

0.1  to 1 nm  for 𝜎 = 0.05, 0.1 and 0.15 eV , respectively (Fig. 5.4c). Similar 

with the parametrization of EGDM, the variation of 𝑎 affects significant effect 

on the magnitude of mobility. Physical mechanism of mobility modulation by 𝑎 

will be studied in next sections. 

  

5.1.4 Advantages of the GDM on spatially random sites 

We calculated the mobility and hopping distance by the GDM on a cubic lattice 

and the GDM on spatially random sites in order to support the needs to consider 

higher localization length claimed in the Sec. 5.1.1 and to support the use of the 

 

Fig.5.5. Calculated mobility by the EGDM (solid line) and the GDM by 

Baranovskii (dotted line) with various 𝑁0 ∙ 𝑎3  and calculated 𝑟(휀t)  in the 

cubic lattice and the spatial disorder for (a), (c) 𝜎 = 0.05 eV and (b), (d) 𝜎 =

0.15 eV. In the calculation, 𝜈0 = 1012 s−1 and 𝐵c = 2.735 were used. 
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GDM on spatially random sites. For the calculation, we varied the localization 

length as 𝑁0 ∙ 𝑎3 = 10−3, 10−2 and 10−1 assuming fixed 𝑁0 and the Gaussian 

width as 𝜎 = 0.05  eV and 0.15  eV (Fig. 5.5). The difference between two 

GDMs at the high electric field condition was analyzed already by Baranovskii 

and coworkers [134], [135]. The comparison of two GDMs in this study is to 

emphasize that difference exists even at low electric field so that that the GDM 

on spatially disorder sites is in general a better theoretical framework, and that a 

reparameterization is required more for the GDM on spatially random sites. 

Regarding the effect of Gaussian width, the 𝜇-modulation with relative 

hole density 𝑝/𝑁0  was negligible for 𝜎 = 0.05  eV whereas it amounted to 

about 103 for 𝜎 = 0.15  eV for all localization conditions. In addition, the 

mobility decreased significantly by order of 10-4, 10-5 and 10-6 for each 

localization condition when the Gaussian disorder is varied from 𝜎 = 0.05 eV 

to 𝜎 = 0.15  eV. Regarding the effect of localization length, the mobility 

increased significantly by 107 for 𝜎 = 0.05 eV and by 1010 for 𝜎 = 0.15 eV 

when 𝑁0 ∙ 𝑎3 increased from 10−3 to 10−1. This means that the magnitude of 

𝜇  changes more significantly by 𝑎  at higher 𝜎 . On the contrary, how 𝜇  is 

modulated by hole concentration was not affected by 𝑎. 

Remarkably, the mobility calculated by the GDM on a cubic lattice was 

higher, at least 2.5 times to about an order, than that by the GDM on spatially 

random sites and this tendency was greater for small localization length (Fig. 5.6). 

Concomitantly, the aforementioned variation by Gaussian width or localization 

length was even more pronounced in the GDM on spatially random sites. The 

variation of 𝑎 represents two different hopping mechanisms: the charge carriers 

tend to hop to adjacent states when 𝑎 is small (NNH), whereas they tend to hop 

to farther states when 𝑎 is large (VRH). The discrepancy in mobility between 

two GDMs (Fig. 5.5a and b) results dominantly from the overestimation of 

hopping distance 𝑟(휀t)  on a cubic lattice which is limited to the inter-site 

distance 𝑏 [83] (Fig. 5.5 (c) and (d)). 

For this reason, a reparameterization for the GDM is necessary and 

becomes even more important for the GDM on spatially random sites in order to 

correctly describe the charge transport through both VRH and NNH. It is now 

clear that the modulation of mobility by hole concentration is determined by the 

Gaussian width and that the magnitude of mobility is determined by the 
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localization length. In particular, the localization length must be increased greater 

than the conventional values (𝑁0 ∙ 𝑎3 = 10−1 ) in order to explain the high 

mobility of disordered transistors from recently reports. 

 

5.2 Parametrization 

5.2.1 Localization length 

Compared to the mobility measured from OFETs made of DA copolymers, semi-

crystalline polymers, and polycrystalline small molecules (Fig. 5.1), the mobility 

calculated by the GDM on spatially random sites using initial parameterization 

were still very low (Fig. 5.5a and b). In order to address this discrepancy, 𝑎 

needs to be enlarged greater than values in Fig. 5.5. The exact value of 𝑎 could 

be determined by the Arrhenius plot because a slope ∆  with respect to 

 

Fig.5.6. Ratio of calculated mobility by the EGDM and the GDM by 

Baranovskii for both 𝜎 = 0.05 eV  and 𝜎 = 0.15 eV . Dotted line indicates 

𝜇ratio = 2.5. In the calculation, 𝑝/𝑁0 = 3 × 10−4 was used. 
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temperature, i.e. the activation energy 휀a, depends on the 𝑎. By referring to the 

parameterization scheme in Fig. 5.3 and Eq. (2.21), which is a major benefit of 

the GDM on spatially random site, 𝑎 affects directly on 휀t. If the Arrhenius plot 

is numerically plotted by Eq. (2.26), the slope ∆ would vary with 𝑎, considering 

that 휀a is the energy for a charge carrier should overcome to hop upwards from 

휀F to 휀t (휀a = 휀t − 휀F).  

By the GDM on spatially random sites, we compared Arrhenius plot that 

was experimentally measured and that was numerically calculated with respect to 

𝑎  for various Gaussian widths corresponding to polycrystalline molecule 

(pentacene), semi-crystalline polymer (PBTTT, data from [1]), and D-A 

copolymer (IDTBT, data from [1]) (Fig. 5.7). The calculation considered 𝑎 from 

 

Fig.5.7. Experimentally measured and numerically calculated Arrhenius plots 

for IDTBT, PBTTT and pentacene. Calculation considered 𝜎 = 0.059  eV, 

𝑁0 = 7.4 × 1020  cm-3 and 𝑝/𝑁0 = 0.0126  for IDTBT, 𝜎 = 0.11  eV, 

𝑁0 = 8.9 × 1020  cm-3 and 𝑝/𝑁0 = 0.0243  for PBTTT and 𝜎 = 0.15  eV, 

𝑁0 = 3 × 1021 cm-3 and 𝑝/𝑁0 = 3 × 10−4 for pentacene.  
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0.1 nm to 1nm and the mobility at the highest temperature was fitted to the 

experimental order by varying 𝜈0  for each 𝑎 . Slopes became smaller as 𝑎 

increased for all materials (Fig. 5.8(a)). From experimentally measured slopes 

∆exp , we obtained 𝑎 = 0.75  nm (∆exp= 20.9  meV) for IDTBT, 𝑎 = 0.29  nm 

( ∆exp= 59.7  meV) for PBTTT and 𝑎 = 0.56  nm ( ∆exp= 86.6  meV) for 

pentacene. Interestingly, calculated slopes of Arrhenius plot that has been 

regarded as 휀a, were smaller that directly calculated 휀a by 휀a = 휀t − 휀F using 

Eq. (2.21) (Fig. 5.8b). This indicates that ∆≠ 휀𝑎 in the empirical Arrhenius form 

𝜇(𝑇) ≃ 𝜇0 exp(−∆/𝑘𝑇)  [68], [82] in the GDM on spatially random sites 

because prefactor in Eq. (2.26) is not independent to T. In our calculation, 휀t 

(Fig. 5.9a) varied between T = 300 K and 200 K as well as 𝑟(휀t) (Fig. 5.9b) that 

belong to the prefactor 𝜇0.  

   According to one-dimensional (1-D) model by Nenashev and 

coworkers, the effective localization length 𝑎eff  is similar to the molecular 

diameter D rather than the bare localization length 𝑎0 (of the order of several 

Ångströms) [158]. It conforms to the VRH transport that the wavefunction 

penetrates not only into the adjacent molecules but also into the more remote ones. 

In 3-D system, direct estimation of D is difficult because molecular orientation 

stacks with planar plane due to the pi-pi staking. In this case, a intermolecular 

distance (ID) along the pi-pi staking can replace D. The calculated 𝑎  is very 

 

Fig.5.8. (a) Slopes of Arrhenius plot ∆  with respect to 𝑎  from Fig. 5.7. 

Horizontal and vertical dotted lines indicate ∆exp  and extracted 𝑎 , 

respectively. (b) Direct calculation of 휀a = 휀t − 휀F using Eq. (2.21).         
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close to ID reported in the literature: 0.41 v.s. 0.75 nm for IDTBT [49]; 0.38 v.s. 

0.29 nm for PBTTT [159]; and 0.4 v.s. 0.56 nm for pentacene [160] .  

For IDTBT, quasi-1D transport with occasional intermolecular hopping 

though short pi-pi bridges occurs [50] so that vertial ID (0.41 nm from Grazing 

incidence X-ray scattering (GIXS) measurement of d-spacing) is a determinant 

for 𝑎 because intramolecular transport is faster than intermolecular hopping (Fig. 

5.10(a)) [49]. For PBTTT, polymers stand edge on the substrate and 2D transport 

takes place in the pi-pi staking direction so that the backbone’s shortest length 

(0.38 nm from density functional theory (DFT) calculation) corresponds to the 

ID (Fig. 5.10b) [159]. For pentacene OFETs (Fig. 5.10c), molecules stand 

vertically on the insulator so that charge carriers hop along the in-plane pi-pi 

stacking direction [161]. Therefore, assuming a 3-D cuboid, the ID is around 0.4 

nm [160].  

We will describe how 𝑎 affects the mobility via 휀t that manipulates 휀a 

and 𝑟(휀t) on the disordered system (Fig. 5.11). For all disorder conditions, 휀t 

became smaller as 𝑎 increased (Fig. 5.11a), whereas 𝑟(휀t) increased with the 

increase of 𝑎  (Fig. 5.11b). In this context, an origin of 휀t  variation can be 

explainable by a physical definition of 휀t , the energy that offers the fastest 

hopping transition rate for charge carrier [82]. When 𝑎 is small, and hence 휀t 

is close to HOMOmax (0 eV), a charge carrier does not have sufficient states to 

hop for in the spatial domain due to the small 𝑟(휀t). Therefore, an energy which 

 

Fig.5.9. (a) Calculated 휀t and (b) 𝑟(휀t) with respect to 𝑎 for T = 200 K and 

300 K. 
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possesses a large number of states in the energetic domain is likely to be selected 

as 휀t  to get a fastest upward hopping transition rate. This mechanism can 

illustrate that 휀t is close to the center of Gaussian DOS at small 𝑎. When the 𝑎 

is large, 휀t  prefers to be an energy which possesses small amounts of states 

because the system has enough states to hop in the spatial domain by large 𝑟(휀t). 

Consequently, 휀t moves towards 휀F and mobility increased by decreased 휀a. 

We now depend on the localization length to parametrize GDM by 

Baranovskii. In the next section, we will cover another obscure parameter, the 

attempt-to-escape frequency to fit the mobility.  

 

 

 

Fig.5.10. Molecules and molecular orientation in thin-film of (a) IDTBT, (b) 

PBTTT and (c) pentacene Black arrows indicate the direction of charge 

transport and red double arrows indicate intermolecular distance of pi-pi 

stacking. 
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5.2.2. Attempt-to-escape frequency 

In Fig. 5.7, direct fitting of numerically calculated Arrhenius plots to the 

experimentally measured one at the highest temperature determined 𝜈0 for each 

material; 𝜈0 = 7.05 × 1014 s−1  for IDTBT ( 𝑎 = 0.75  nm); 𝜈0 = 2.9 ×

1017 s−1  for PBTTT ( 𝑎 = 0.29  nm);  and 𝜈0 = 5.27 × 1016 s−1  for 

pentacene (𝑎 = 0.56 nm) (Fig. 5.12a). When 𝑎 is small, 𝜈0 tends to increase 

because small 𝑎 produce low magnitude of mobility. Thus large 𝜈0 needs to fit 

experimental order. Noted that extracted 𝜈0 values are one to even four orders 

of magnitude higher than conventional values 𝜈0 = 1012  and 1013 s−1  [82], 

[84]. 

We examined these extracted 𝜈0 from Fig. 5.7 by a comparison between 

a direct calculation of the charge transition rate 𝜈ij  by Eq. (2.14) and its 

theoretical estimation in the literature. If a calculated result of 𝜈ij by Eq. (2.14) 

Fig.5.11. Calculated results of (a) 𝑟(휀t)  and (b) 휀t  with respect to the 

localization length 𝑎. Schematic illustration of the hopping range in (c) the 

spatial and (d) energy diagram for different localization length 𝑎: small 𝑎 in 

violet color; large 𝑎 in red color. 
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with a obtained 𝜈0 was in the order of theoretical estimations of 𝜈ij, then this 

𝜈0 would have the physical rigorousness. The 𝜈ij was calculated by the right-

hand side of Eq. (2.14) with extracted 𝜈0  values. The calculation considered 

𝑟(휀t) in Eq. (2.22) as 𝑟ij and 휀j = 휀t as well as 휀i = 휀F for upward hopping. 

Direct calculation of upward and downward transition rates 𝜈ij  by Eq. (2.14) 

were 𝜈↑ = 2.76 × 1011 s−1  𝜈↓ = 2.73 × 1013 s−1  for IDTBT, 𝜈↑ = 3.42 ×

1011 s−1  𝜈↓ = 2.69 × 1014 s−1  for PBTTT and 𝜈↑ = 2.01 × 1010 s−1  𝜈↓ =

2.74 × 1014 s−1  for IDTBT. Globally, 𝜈↓  are higher than 𝜈↑  because 

downward hops are independent to the energetic distribution of states so that they 

are faster than upward hops.  

To compare with the directly calculated 𝜈ij, theoretical estimations of 𝜈ij 

were studied via MA and Marcus charge transfer models [162]. Based on the MA 

transition rate, Bassler [153] stated that the small interaction energy between 

molecules induced by the weak intermolecular coupling leads to hopping 

transition rates between 1011  and 1013  s−1 . More recently, Brddas and 

coworkers calculated similar orders of energy transfer rate in the donor-acceptor 

pairs [154]. Marcus model is another charge transfer model in localized states that  

is compatible with the MA transition rate. In this model, the reorganization energy 

from geometric relaxation during charge transfer and electronic coupling matrix 

element are key parameters to describe hopping transport. Based on this theory, 

hole and electron transfer rates were calculated in the range between 1012 and 

1013 s−1 in various organic disorder materials [163], [164]. Remarkably, Nan 

and coworkers proved that the hole transfer rate of rubrene, tetracene and 

pentacene could reach up to 1014  s−1  with considering the quantum nuclear 

tunneling effect [165].  

Interestingly, direct calculations of 𝜈ij with extracted 𝜈0 belonged to the range 

of theoretical estimations of 𝜈ij in spite of abnormally high values. This result 

illustrates that 𝜈0  can have the order upto 1017  s−1  depending on materials 

and this value is four orders of magnitude higher than conventionally accepted 

values for GDMs. 
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Fig. 5.12. (a) Extracted 𝑎 and 𝜈0 from Fig. 5.7 for three different matrials, 

IDTBT, PBTTT and pentacene. (b) Direct calculation of MA upward 𝜈↑ and 

downward 𝜈↓ transition rates by Eq. (2) with extracted 𝜈0. 
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5.3 Experimental validation 

5.3.1 Experimental data of OFETs 

In this section, we validated the parametrization of the GDM by Baranovskii via 

a comparison between the experimental result of IDTBT, PBTTT and pentacene 

OFETs and the numerical TCAD simulation. Temperature evolution of transfer 

characteristics of IDTBT and PBTTT (Fig. 5.13a and b, symbols) based top-gate 

staggered OFETs were taken from Venkateshvaran et al. [1]. Temperature varied 

300 K to 200 K for IDTBT and 340 K to 240 K for PBTTT at intervals of 20 K. 

For pentacene, bottom-gate staggered OFET was fabricated. Details of 

fabrication method is summarized in Appendix. Temperature evolution of transfer 

curves were measured by an Agilent 5270B analyzer under vacuum (Fig. 5.13c, 

symbols). Janis cryostat allows to vary temperatures, T = 330 K, 300 K, 260 K 

and 230 K. Experimentally obtained drain current increased gradually as 

temperature increased for all OFETs because the hopping transport was promoted 

by temperature. 

  

5.3.2. Numerical simulation of OFETs 

For the numerical simulation, we implemented the GDM on random sites in Sec. 

2.4.3 into the SILVACO, Atlas, which is a commercial TCAD numerical 

simulator based on the finite-element method. It calculates self-consistently the 

Poisson’s, the continuity and the drift-diffusion equations with physical 

characteristics of ODSs such as the Gaussian DOS, the generalized Einstein's 

relation and the GDM by Baranovskii. The simulator calculated transfer 

characteristics with same conditions of fabricated devices such as geometrical 

structure and temperatures.  

 Numerically calculated temperature evolution of transfer curves (Fig. 5.13, 

solid lines) showed almost accurate fits to the experimental results with a single 

set of parameters (Table 5.1). Parameter set contains five physical parameters in 

the GDM by Baranovskii (Fig. 5.3), device parameters and secondary Gaussian 

trap states. Considering 𝜇 -modulation and Gaussian width in Fig. 5.1, proper 

Gaussian width 𝜎 were adopted. Also, we used values of localization length and 

attempt-to-escape frequency discussed in Sec. 5.2. Parameters such as 𝑁0 [1], 
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[166], the dielectric constant of semiconductor 휀𝑠 [125], [167], [168], and the 

percolation constant 𝐵c [82], [169] were determined from literature. Simulation 

of IDTBT and pentacene based OFETs adopt Gaussian-distributed donor-like 

bulk trap states via the double Gaussian DOS model [96] to make a better 

numerical fit. 𝜎d.bulk  were identical with 𝜎i  and the volumetric bulk trap 

density 𝑁d.bulk  adopted typical order of the unintentional doping level [125]. 

Lastly, 𝐸d.bulk  were determined by systematic simulations. Noted that we 

assumed Gaussian bulk trap states are invariable to temperatures. 

 At low temperature of pentacene OFETs, numerical fit was not successful 

to measured transfer curves despite the presence of bulk trap states (Fig. 5.13c, 

solid lines). This deviation attributed to the additional interface trap states 

between semiconductor and gate insulator. Basically, weak intermolecular 

bonding of ODS merely induces interface trap states at surface termination [97]. 

However, the mismatch of thermal strain between semiconductor and gate 

insulator can cause trap states in the interface at low temperature [170]. According 

to the universal scaling between 휀𝑎 and interfacial thermal expansion mismatch 

(ITEM) by Mei et al, ∆exp= 86.6  meV (Pentacene in this study, ∆exp 

corresponds to 휀𝑎  in Mei et al) indicates ITEM  ≈  50, whereas ∆exp= 59.7 

meV (PBTTT) and ∆exp = 20.9  meV (IDTBT) indicate ITEM  ≈  20 and 5, 

respectively. Because interface trap density is proportional to ITEM, the effect of 

interface trap states is particularly appeared in pentacene-based OFET. For 

numerical simulation, the order of areal interface trap density 𝑁d.it  was 

determined from the areal molecular density 4.8 × 1014 cm−2  and the ratio 

between 𝑁0  and 𝑁d.bulk , i.e. 3 × 1021 ∶ 1015 [cm−3] = 4.8 × 1014 ∶

𝑁d.it [cm
−2]  to keep the ratio between molecule and trap density. Then, 𝜎d.it 

and 𝐸d.it  were similarly determined with bulk trap states. Finally, numerical 

calculation showed good fit with measured data of pentacene-based OFET even 

at the low temperature (Fig. 5.13c, dotted lines) 
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Table 5.2. The set of parameters used in the numerical simulation. 

Categories Parametersa IDTBT PBTTT Pentacene Unit 

Device 𝑊G  4.3 4.3 4.3 eV 

parameters 𝑊S/D  4.9 4.9 4.9 eV 

 휀i  2.1 2.2 2.5 - 

 휀s  3.5 1.55 4 - 

 𝐸b  0.25 0.2 0.8 eV 

GDM on 𝑁0  7.4 × 1020 8.9 × 1020 3 × 1021 cm-3 

random  𝜎i  0.059 0.11 0.15 eV 

sites 𝑎  0.75 0.29 0.56 nm 

 𝜈0  7.05 × 1014  2.9 × 1017  6.76 × 1016  s-1 

 𝐵c  2.735 2.735 2.735 - 

Donor-like 𝑁d.bulk  4 × 1014  - 1 × 1015 cm-3 

bulk trap  𝜎d.bulk  0.059 - 0.15 eV 

states 𝐸d.bulk  0.28 - 0.8 eV 

Donor-like 𝑁d.it  258 K - - 8 × 108 cm-2 

Interface  𝑁d.it 233 K - - 1.8 × 109 cm-2 

trap states 𝜎d.it  - - 0.15 eV 

 𝐸d.it  - - 1.1 eV 

a 𝑊G: Work function of gate electrode, 𝑊S/D: Work function of source/drain 

electode, 휀i : dielectric constant of gate insulator, 휀s : dielectric constant of 

semiconductor, 𝐸b : injection barrier from 𝑊S/D  to HOMOmax , 𝑁d : trap 

density, 𝜎d: Gaussian width of trap Gaussian DOS and 𝐸d: energetic distance 

between intrinsic DOS and trap DOS. 
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Fig. 5.13. Transfer curves of (a) IDTBT (𝑉DS= -60 V), (b) PBTTT (𝑉DS= -70 

V) and (c) pentacene (𝑉DS= -2 V) based OFETs. Symbols illustrate measured 

data and solid lines show simulated results without interface trap states. For 

pentacene OFET, dotted lines for low temperatures T = 260, 230 K represent 

simulated results with interface trap states.   
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Chapter 6 

Injection barrier modeling 

 

The injection barrier Eb at metal-semiconductor junction has been widely studied 

as a key parameter of the charge injection in electronic devices [71]. In the ideal 

junction, the Schottky-Mott rule [171], [172] determine Eb by the difference 

between a work function of the metal electrode and the ionization energy or 

electron affinity of the semiconductor depending on the polarity of injected carrier. 

However, non-ideal factors such as the interface dipole and energetical disorder 

result in difficulty to extract Eb in a realistic case. 

In ODSs, non-ideal factors are more remarkable at the junction with metal 

than inorganic crystalline semiconductors. At the metal/ODSs (M/O) junction, 

the interface dipole is clearly detected by photoemission spectroscopy [173]. In 

addition, the ambiguity of a band edge in the fully localized energetic state, i.e. 

Gaussian DOS leads to unclear solution of Eb [174] because the Gauss-Fermi 

integral cannot be solved analytically [175]. Therefore, many researchers used 

the onset of Gaussian DOS [174] as an alternative solution to define band edge. 

However, Horowitz recently proved that there are many states beyond the onset 

and this concept is not accurate [40]. 

In this chapter, we study recently developed charge-based injection barrier 

model at M/O junction, so-called ‘effective injection barrier’ and validated this 

model via numerical simulation. Also, we propose new transport-based injection 

barrier by using transport energy level within the GDM on random sites. 

 

 



 

82 

 

6.1 Charge-based injection barrier model 

6.1.1 Effective injection barrier 

To clarify Eb at M/O junction with Gaussian DOS, Jung et al. proposed the 

charge-based effective injection barrier Eb
eff by analytical solution of the hole 

concentration via integrating Gaussian DOS and Boltzmann distribution [41]. 

The analytical charge carrier density can be expressed as,  

𝑝 = 𝑁0 exp [−
1

𝑘𝑇
{𝐸F − (HOMOmax +

𝜎2

2𝑘𝑇
)}] . (6.1) 

At the M/O junction, Fermi level EF is aligned between metal and ODSs so that 

EF in the ODSs is equivalent to EF in the metal electrode. Then, the numerator of 

the exponent can be regarded as the effective injection barrier,  

𝐸b
eff = 𝐸F − (HOMOmax +

𝜎2

2𝑘𝑇
) . (6.2) 

When Eq. (6.1) and (6.2) are combined, 𝑝 = 𝑁0 exp(−𝐸b
eff/𝑘𝑇) is similar with 

Eq. (2.4) for ideal M/O junction for inorganic semiconductors. By the Eb
eff we can 

define HOMOedge  clearly as HOMOedge = HOMOmax + 𝜎2/2𝑘𝑇  that the 

band edge of Gaussian DOS is situated 𝜎2/2𝑘𝑇 from the maximum of Gaussian 

DOS. Although HOMOonset  is a common concept for HOMOedge =

HOMOmax + 2𝜎, this method does not originates from the rigorousness method. 

Therefore, HOMOedge  should adopt 𝐸b
eff  concept to calculate exact charge 

carrier density at the M/O junction.  

 

6.1.2 Numerical validation by contact resistance 

The role of Eb in OFETs is very important to understand contact resistance RC that 

has been regarded as the biggest problem of OFETs community [24]. There were 

several attempt to correlate Eb and RC of OFETs based on the device physics of 

conventional inorganic MOSFET e.g. schottky barrier model [176], [177]. In 

addition, Kim and coworkers successfully developed semi-analytical [13] and 

fully-analytical [119] RC model for coplanar OFETs. They proved that RC is a 

function of Eb and VGS. The aim of this section is to validate Eb
eff in the OFETs 
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via comparing the semi-analytical RC model and numerically calculated RC by 2-

D numerical simulation with Eb
eff. 

C. –H. Kim [13] developed a semi-analytical RC model for coplanar 

OFETs. He demonstrated that an origin of RC in coplanar structure is a distinctive 

carrier transition zone between source and channel region and RC can be 

analytically derived by the charge carrier distribution model. The hole 

distribution in the source ps and the channel pch along the thickness of organic 

layer are derived as, 

𝑝s0 = 𝑁v exp (−
𝐸𝑏

𝑘𝑇
) , (6.3) 

𝑝s(𝑦) = 𝑝s0

cos2 (
𝑑

𝑦s0
)

cos2 (
𝑑 − 𝑦
𝑦s0

)
, (6.4) 

𝑝ch0 =
𝐶i

2|𝑉GS − 𝑉T|2

2휀s𝑘𝑇
, (6.5) 

𝑝ch(𝑦) = 𝑝ch0

sin2 (
𝜋
2

𝑦ch0

𝑑
)

sin2 (
𝜋
2

𝑦ch0 + 𝑦
𝑑

)
 , (6.6) 

where, NV is total density of states, Eb the injection barrier, d the thickness of the 

semiconductor, y the distance from organic-insulator interface along the thickness 

of organic layer, Ci the insulator capacitance per unit area, VGS gate voltage, VT 

the threshold voltage and 𝑦s0 = √2휀𝑠𝑘𝑇/𝑞2𝑝s0  and 𝑦ch0 = √2휀𝑠𝑘𝑇/𝑞2𝑝ch0 

are characteristic distribution length for the source and the channel, respectively. 

A geometrical structure of analytical modeling is shown in Fig. 6.1a for coplanar 

structure. While pch is induced by the effect of 𝑉GS, ps is mainly determined by 

Eb because the source electrode screens the VGS effect and the only injection can 

contribute to hole density in the source region. Then, the semi-analytical equation 

for RC is developed as, 

𝑅c =
√휀s𝑘𝑇

𝑞2𝜇𝑇
 

[
 
 
 
 

∫
𝑝ch(𝑦)√𝑝s(𝑦)

[ln (
𝑝ch(𝑦)
𝑝s(𝑦)

)]
2 𝑑𝑦

𝑑

0

]
 
 
 
 
−1

, (6.7) 
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where 휀s is the dielectric constant of semiconductor, q is the elementary charge 

and 𝜇 the hole mobility. It is derived by the integral of local conductivity in the 

transition zone with respect to y, calculated by the average hole density. Although 

the Eb in Eq. (6.3) was initially defined by the onset of exponential DOS, we adopt 

the Eb
eff to consider ODSs.  

 The numerical modeling was conducted to validate the analytical RC 

model. The TCAD modeling followed the method in Chapter 3 and the 

configurational and energetic structures of the simulated device are coincidence 

with the analytical simulation as described in Fig. 6.1. The calculation was carried 

out with three Gaussian widths, 𝜎 =0.05, 0.1 and 0.15 eV while 𝐸b
eff  keeps 

constant as 0.36 eV. As the band edge of Gaussian DOS was decided by 𝜎2/2𝑘𝑇 

from HOMOmax, it should be lower depending on the 𝜎 (Fig. 6.1b). Although 

different disorders result in changing position and shape of the HOMO, the 

constant Eb
eff in numerical simulation allows the direct comparison with 

analytical RC model. For the mobility in the numerical simulation, EGDM was 

adopted with parametrized parameters c1 = 7.35 × 10-2 and c2 = 0.351 in Eq. 

(2.17).  

Transfer characteristics were initially calculated with various channel 

length 𝐿 = 30, 50, 60 and 80 𝜇m  (only 60 𝜇m  in Fig. 6.2a). Then, RC and 

charge carrier mobility 𝜇 (Fig. 6.2b and c) were extracted by transmission line 

method (TLM) from simulated transfer curves. Simulated transfer curves and RC 

 

Fig.6.1. (a) Geometrical structure and (b) energetic structure at M/O junction 

in the numerical calculation. 
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were significantly depending on the Gaussian width; they varied 1-2 orders of 

magnitude with ∆𝜎 = 0.05  eV. This deviation originated from the mobility 

calculated by EGDM that increase of ∆𝜎 = 0.05 eV reduced mobility as much 

as 1-2 orders of magnitude [84]. Noted that extracted RC is coupled with mobility 

[63]. 

Due to the 𝜎 dependent mobility, direct comparison of RC between semi-

analytical model and numerical simulation is impossible because constant 

mobility was considered in semi-analytical model in Eq. (6.7). To compare two 

models, we multiplied 𝜇  to RC so as to exclude the effect of mobility on the 

contact resistance. For semi-analytical model, 𝜇 × RC enables to delete 𝜇 in 

right-hand side of Eq. (6.7). For numerical model, we can expect similar result. 

Interestingly, the 𝜇 × RC from semi-analytical model was well fitted with that 

from numerical simulation for low Gaussian widths, 𝜎 =  0.05 and 0.1 eV. In 

contrast, numerical result was highly deviated from the semi-analytical fit for 

𝜎 = 0.15 eV (Fig. 6.3). This result signifies that Eb
eff is valid for M/O junction 

with low Gaussian width that is corresponding with previous result of the organic 

rectifying diodes [41]. 

 

 

 

Fig.6.2. Numerically calculated (a) transfer curves, (b) width-normalized 

contact resistance RC and (c) mobility for various Gaussian widths 𝜎. Here, 

𝜈0 = 1 × 1013 1/s was used. 
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6.1.3 Degenerate and non-degenerate condition. 

The deviation at 𝜎 = 0.15 eV is attributed to the degenerate condition (DC) of 

ODS. As Horowitz [40] verified that ODS can act as a degenerate semiconductor 

even very low charge carrier density, the separation of non-degenerate condition  

(N-DC) and DC in ODSs is totally different with the inorganic crystalline 

semiconductors. In fact, the degree of disorder mainly determines whether ODS 

includes in the N-DC or DC, not by concentration of charge carrier or position of 

Fermi level. This phenomenon is originated from the deep band tail of Gaussian 

DOS with large Gaussian width. When the Gaussian broadening is significant at 

large 𝜎 , tail states penetrate deeply toward EF. In this case, the Fermi-Dirac 

distribution (FD) function cannot be approximated by the Boltzmann distribution 

(BD) function (Fig. 6.4a). Therefore, ODSs belongs to DC by large 𝜎  even 

 

Fig.6.3. Result of multiplying 𝜇 × RCW of (a) numerical simulations in Fig. 

6.2b and c (dotted line) and (b) semi-analytical equation in Eq. (6.7) (solid 

line).  
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under low EF. This behavior is at variance with the inorganic crystalline 

semiconductors that belong to the N-DC unless the EF is very close to (few kT) 

or passes the band edge due to the clearly defined band edge by the valence band 

or conduction band (Fig. 6.4b). The analytical derivation of Eb
eff by charge carrier 

density at M/O junction (Eq. (6.1)) assumed Boltzmann distribution as well as 

Gaussian DOS. Therefore, Eb
eff is valid for the N-DC. In contrast, the DC that is 

strictly necessary the Fermi-Dirac distribution cannot guarantee an exact solution 

of the band edge by Eb
eff.  

To visualize effective range for each DC and N-DC, the position of Fermi 

level with respect to the Gaussian width is mapped (Fig. 6.5). From the 

assumption in Fig. 6.1b, the EF illustrates the energetic distance between the work 

function of electrode and HOMOmax; 0.408 eV for 𝜎 = 0.05 eV, 0.553 eV for 

𝜎 = 0.1 eV and 0.794 eV for 𝜎 = 0.15 eV. Interestingly, the EF of low Gaussian 

widths 𝜎 = 0.05 and 0.1 eV were larger than the equilibrium energy 𝐸∞ =

 

Fig.6.4. Schematic of Fermi-Dirac distribution (FD) and Boltzmann 

distribution (BD) functions with (a) the square-root DOS and (b) the Gaussian 

DOS with respect to the energy.   
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𝜎2/𝑘𝑇, whereas the EF of large Gaussian widths 𝜎 = 0.15eV was smaller than 

Eꝏ. That is to say, EF > Eꝏ indicates N-DC regime and EF < Eꝏ indicates DC 

regime, respectively. This result is corresponding with DC and N-DC separation 

via the position of the occupied charge distribution with respect to the EF [178]. 

The visualization of the EF with respect to 𝜎 offers an intuitive insight of DC and 

N-DC via the ultra-violet photoemission spectroscopy (UPS) spectra that 

includes both information of EF and 𝜎. 

We now confirmed the validity of Eb
eff in OFETs for N-DC condition. 

Although ones have believed common ODSs behaves as DC due to the large 𝜎 

from UPS spectra [40], [179], the Eb
eff is still important to define contact property 

at M/O junction because of low-disordered materials. Single crystal organic 

semiconductor such as Rubrene exhibit small degree of disorder lower than 0.1 

eV [138]. Also, recent studies in terms on the material design of donor-acceptor 

copolymer [1] and the fabrication process with self-assembled monolayer that 

increases the crystallinity of semiconductor film [63], [64] are expected to reduce 

Gaussian width significantly and belong to the N-DC.  

 

Fig.6.5. Position of Fermi level for each Gaussian width condition. Solid line 

illustrates the equilibrium energy that divides non-degenerate (ND) regime and 

degenerate (D) regime.   
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6.2 Transport-based injection barrier model 

6.2.1 Mobility edge and transport energy 

The transport-based injection barrier is mainly determined by the energy that the 

most charge transport takes place. For example, ‘mobility edge’ (ME) is a 

reference energy for the transport within the multiple trapping and release (MTR) 

model in the exponential DOS [25], [67]. The mobility edge is the transition 

energy from localized states to the delocalized states. According to the MTR 

model, trapped charge carriers in localized states can be released into the 

delocalized state and they contribute to the charge transport. Therefore, the 

transport-based injection barrier can be defined as Eb
t = EF-ME.  

Recently, the Gaussian DOS and GDM are regarded more appropriate 

physical model for ODSs than the exponential DOS and MTR model [82]. In 

GDM, ‘transport energy’ (TE, 휀t) is a reference energy that is responsible for the 

charge transport. TE in GDM is a similar concept with ME in MTR model so that 

ones can replace ME with TE [180]. The TE can be numerically calculated by Eq. 

(2.21). As following the parametrization process of GDM by Baranovskii in Fig. 

5.3, TE is depending on various physical parameters, such as 𝜎, N0, 𝑎, BC and 

 

Fig.6.6. Calculated transport energy with various Gaussian width, 0.05, 0.1 

and 0.15 eV via Eq. (2.21). Localization length was used 0.5 nm in the 

calculation. 
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EF. When EF situated far from HOMOmax, TE is constant; 0.042 eV for 𝜎 = 0.05 

eV, 0.151 eV for 𝜎 = 0.1 eV and 0.281 eV for 𝜎 = 0.15 eV under 𝑎 = 0.5 nm 

(Fig. 6.6). As TE is simply calculated, we can estimate transport-based injection 

barrier in Gaussian DOS by Eb
t = EF-TE.  

 

6.2.2 Dependency on the localization length 

The transport-based injection barrier via TE in Gaussian DOS was regarded as an 

inappropriate concept to account for the injection property because of large 

amounts of gap states. In the initial calculation of TE with very small localization 

length, its position was close to the HOMOmax, thus a lot of gap states exist 

between TE and EF. However, as we described in Chapter 5, the localization 

length should significantly increase in order to explain high mobility of ODSs. In 

Fig. 6.7, we calculated both TE (휀t) and Eb
t with respect to 𝑎  based on the 

energetic structures of different Gaussian widths in Fig. 6.1b. As we expected, 

TE situates very close to the HOMOmax when 𝑎 is very low. In contrast, the 

position of TE shifts towards EF (far from HOMOmax) and Eb
t reduces rapidly 

when large 𝑎 was used. When 𝑎 = 1 nm, Eb
t reaches to near 0.3 eV that is 

commonly used order of injection barrier in OFETs [181].   

 

6.2.3 Dependency on the Gaussian width 

The Gaussian width gives a significant effect on the Eb
t as well as the localization 

length. In the previous study of charge-based injection barrier via Eb
eff [41], the 

large Gaussian width can induce lowering of injection barrier due to the Gaussian 

broadening. This result illustrate that large Gaussian width can improve the 

performance in terms of the charge injection although the large Gaussian width 

degrades the mobility in the framework of GDM. 

In this study, transport-based injection barrier with TE show similar 

tendency with the Gaussian width (Fig. 6.8). When 𝜎 increased from 0.025 eV 

to 0.3 eV, 휀t  increased rapidly from 0.004 to 0.716 eV and therefore Eb
t 

decreased significantly from 0.996 to 0.284 eV when EF = 1 eV and 𝑎 = 0.5 nm. 

This results confirms that Gaussian broadening can reduce the transport-based 

injection barrier similar with Eb
eff. 
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Fig.6.7. Calculated transport energy 휀t and transport-based injection barrier  

Eb
t with respect to 𝑎 for various Gaussian width, 0.05, 0.1 and 0.15 eV. The 

Fermi level EF used the energetic structures of Fig. 6.1b. 
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6.3 Experimental extraction 

6.3.1 Ultraviolet photoelectron spectroscopy spectra 

To evaluate the injection barrier of ODSs, the energetical structure of HOMO (or 

LUMO) is necessary. Photoelectron spectroscopy (PS) is one of the experimental 

techniques to measure the shape and position of HOMO by direct observing 

photoelectrons that are emitted from HOMO upon irradiation [182]. Ultraviolet 

PS (UPS) probes the filled states, HOMO and inverse PS (IPES) probes the empty 

states (LUMO). In PS spectra, the quantitative evaluation of the DOS (eV-1 cm-3) 

is difficult due to the complex origins of photoelectron intensity, e.g. wave 

function of the electronic state, photon energy, polarization direction of photon 

and molecular orientation [183]. However, ones can simply extract Gaussian 

widths and position of EF that are essential parameters to estimate the injection 

barrier in Gaussian DOS.  

We measured UPS spectra for the pentacene/Au thin film to evaluate the 

injection barrier (Fig. 6.9). Here, Au and pentacene were thermally-evaporated 

 

Fig.6.8. Calculated transport energy 휀t and transport-based injection barrier  

Eb
t with respect to 𝜎. The calculation considered EF = 1 eV and 𝑎 = 0.5 nm. 
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on the glass substrate for 100 nm and 10 nm, respectively. As the secondary 

electron cutoff of bare Au and pentacene/Au films were identical, we can infer 

that the work function of metal and semiconductor were same. This result 

illustrates that the interface dipole at M/O junction was not effectively formed. If 

the organic semiconductor is deposited on the clean Au surface, the interface 

dipole induces the variation of the work function and the mismatch of vacuum-

level [173]. However, if the semiconductor film deposited on the contaminated 

Au surface, the contamination disturbs the formation of interface dipole [179], 

[184]. Therefore, the equal work function of two films in Fig. 6.9a illustrates that 

the contamination element existed between Au and pentacene. 

 

 

Fig.6.9. UPS spectra of (a) pentacene/Au thin film and bare Au in entire 

binding energy regime and (b) HOMO region of pentacene/Au thin film. 

Vertical dotted line in (a) represents the secondary electron cutoff and in (b) 

HOMOmax and EF of thin film. (c) Schematic of energetic structure of 

Au/pentacene M/O structure.  
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For HOMO region with low binding energy, Gaussian peak was clearly 

detected. The most common method to extract Gaussian width 𝜎 is finding the 

inflection point where the tangent at this energy meets the onset (2 𝜎) at the base 

line. In our result, the Gaussian width 𝜎 = 0.319 eV and the tangent at this 

energy meets the onset 2𝜎 = 0.638 eV precisely. Hwang and Kahn stated that 

the 𝜎 value directly observed from UPS must be corrected for broadening effect 

by UPS measurement, surface vs. bulk polarization and phonon coupling in order 

to extract a representative value of the hole state [179]. The width of Gaussian 

width can be expressed as the root mean square of each effect as follows, 

𝜎UPS = √𝜎material
2 + 𝜎measurement

2 = √𝜎material
2 + (𝜎inst

2 + 𝜎surf
2 + 𝜎vib

2 ) (6.1) 

where 𝜎UPS is the observed width by UPS, 𝜎material the intrinsic width, 𝜎inst 

the broadening by instrument resolution, 𝜎surf  the broadening by surface 

polarization and 𝜎vib  the broadening by the vibrational coupling. When we 

adopted 𝜎inst = 0.128 eV, 𝜎surf = 0.12 eV and 𝜎vib = 0.1 eV that are common 

value for ODSs, we can obtain 𝜎material = 0.247 eV that is smaller than 𝜎UPS.  

 Based on extracted values from UPS measurement, the schematic of 

energetic structure at M/O junction was depicted (Fig. 6.9c). The vacuum-level 

is well aligned between Au and pentacene layer by the contamination. X-ray 

photoelectron spectroscopy (XPS) confirms that the Au surface for UPS 

measurement includes Fluorine F 1s at 688 eV, oxygen O 1s at 532 eV and carbon 

C 1s at 284 eV as the contamination, whereas the contamination was not detected 

in the clean Au surface (Fig. 6.10). Finally, we obtained 𝜎 = 0.247 eV and EF 

from HOMOmax = 1.038 eV that are essential information to evaluate the injection 

barrier at M/O junction.  
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6.3.2 Extraction of injection barriers 

The transport energy was firstly calculated to get the Eb
t (Fig. 6.11). In the 

calculation, the parametrized parameters in Chapter 5 were adopted in Eq. (2.21) 

with parameters from UPS; N0 = 3 × 1021 cm-3, 𝑎 = 0.56 m, Bc = 2.735, 𝜎 = 

0.247 eV and EF = 1.038 eV. At large energy, the 휀t was constant as 0.59 eV 

and it started to decrease from the EF.  

We compared three different Eb concepts with Gaussian DOS with 

variation of EF, transport-based Eb
t, charge-based Eb

eff and onset-based Eb
onset (Fig. 

 

Fig.6.10. XPS spectra of (a) clean Au and bare Au in the entire binding energy 

regime, (b) F 1s atom, (c) O 1s atom and (d) C 1s atom. Here, bare Au denotes 

the equal Au surface that used for UPS measurement in Fig. 6.9.  
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6.12a). Each Eb can be calculated as Eb
t = EF – TE, Eb

eff = EF – 𝜎2/2kT and Eb
onset 

= EF – 2𝜎. Calculated results were Eb
t = 0.449 eV, Eb

eff = -0.178 eV and Eb
onset = 

0.544 eV (Fig. 6.12b). Among three injection barriers, Eb
eff is the negative value 

due to the overestimated HOMOedge. As described in Sec. 6.1.3, this Au/penta-

cene film belongs to the degenerate condition by EF < Eꝏ. Therefore, HOMOedge 

that is only effective in non-degenerate condition cannot be adopted in this large 

𝜎 condition. It should be EF > Eꝏ to use HOMOedge and Eb
eff, whereas EF larger 

than 2.35 eV (Eꝏ) from HOMOmax is too large for realistic value. Eb
t and Eb

onset 

values were quite similar but the physical basis of Eb
onset is lacking. Thus, Eb

t is 

the most appropriate way to define injection barrier in the Gaussian DOS. 

Three Eb were examined with variation of EF (Fig. 6.12c). Eb
eff and Eb

onset 

decreased monotonically in the all EF regime because the band edge of these two 

concepts were invariable regardless of the position of EF. However, as TE rapidly 

decreased with EF in Fig. 6.11, Eb
t showed asymptotic behavior with positive 

values. Interestingly, only Eb
t remained positive injection barrier in all EF regime. 

This illustrates that transport-based injection barrier always exist regardless of 

the position of EF. 

 

Fig.6.11. Calculated the transport energy with respect to the energy from 

HOMOmax. Parameters in the calculation were adopted parametrized ones for 

pentacene film from Chapter. 5. Vertical dotted lines illustrate the Fermi level 

and equilibrium energy of pentacene/Au film, respectively.   
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Fig.6.12. (a) Schematic of Gaussian DOS with various band edges. Calculated 

result of injection barriers, transport-based Eb
t, charge-based Eb

eff and onset-

based Eb
onset (b) at EF=1.038 eV and (c) entire EF regime. 
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Chapter 7 

Conclusion and outlook 

 

In this thesis, Gaussian density-of-states driven numerical modeling of organic 

field-effect transistors have been presented. Three device parameters, threshold 

voltage, mobility by hopping transport and injection barrier have been 

investigated with 2-D numerical simulation. In this chapter, the important 

findings and conclusions are summarized. Also, several perspectives for future 

research are suggested. 

 We have focused on the threshold behavior to elucidate the effect of 

Gaussian disorder. Initially, we demonstrated that the ratio method is reliable way 

to extract 𝑉T
eff  for non-linear transfer characteristics whether secondary 

Gaussian trap DOS presents or not. 𝑉T.Ratio
eff   indicates precisely the onset of 

channel through the charge accumulation. We also discussed the mechanism of 

simultaneously filling of the intrinsic and the secondary Gaussian DOS, 

demonstrating that this simultaneous filling leads to the 'hump' shape in the 

transfer curve as well as the shift of the threshold voltage. In presence of trap, the 

Fermi level at threshold voltage corresponds to the energy at which the secondary 

Gaussian DOS of the traps are completely filled. The shift of threshold voltage 

gets greater and the power-law exponent of mobility becomes larger when the 

trap states are deeper, thereby these transistor parameters extracted from a transfer 

curve could provide information on the energy structure of a semiconductor that 

complements the results of physical and optical thin-film analysis. We validated 

the effect of double Gaussian DOS on 𝑉T
eff  with experimental results. We 

demonstrated the modelling of the change in static transfer characteristics due to 

different gate-insulators by employing a double Gaussian DOS model. It was 

found that donor-like bulk traps were present as well as negative fixed charges in 

printed TIPS-pentacene transistors and that the MDA monomer in polymer gate 
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dielectric induced deeper traps compared to the DABC monomer.  

 Also, we proposed a correct parametrization of GDM to enable the 

description of a wider range of both the spatial and the energetical disorder in 

OFETs. We demonstrated that the GDM with the spatial disorder and the 

energetical disorder describes the mobility of ODSs more accurately compared to 

the GDM with the cubic lattice that overestimates the mobility due to the 

overestimated lower limit of hopping distance amounting to the intersite distance. 

For the accurate description of the mobility of the ODSs, the localization length 

and the attempt-to-escape frequency were extracted from comparison between 

measured and calculated Arrhenius plot. To consider wide variety of Gaussian 

disorder of materials, we examined donor-acceptor copolymer (IDTBT), semi-

crystalline polymer (PBTTT) and small molecules (Pentacene). The localization 

length must be elevated up to the order of the intermolecular distance along the 

pi-pi conjugation and the attempt-to-escape frequency up to the range of 1015 −

1017 s−1, respectively. In the meantime, we clarified the role of the localization 

length on the parametrization by transport energy, activation energy and hopping 

distance via correlating both the spatial and the energetical disorder.  

 For the injection barrier, we have studied the charge-based and transport-

based injection barrier models with the Gaussian DOS. We demonstrated that the 

validity of the charge-based Eb
eff that was derived based on the Boltzmann 

statistics, was depending on the Gaussian width. When the Gaussian width is 

small (𝜎 ≤ 0.1 eV) , the ODSs belong to the non-degenerate so that Eb
eff is 

effective. In contrast, large Gaussian width (𝜎 > 0.1 eV)  belong to the 

degenerate condition due to the deep tail states and therefore Eb
eff is not effective. 

In the meantime, the transport-based Eb
t was proposed by the transport energy in 

Gaussian DOS. Although Eb
t was regarded as inappropriate due to the position of 

transport energy near HOMOmax, the correct parametrization of the localization 

length enables to quantify Eb
t in the similar order with conventional Eb models. 

We extracted and compared three injection barriers, Eb
eff, Eb

t and Eb
onset from 

fabricated Au/pentacene junction by UPS and XPS measurements. Only Eb
t 

remained a positive value regardless of the position of EF. 

For threshold behavior, we infer that analysis of the electrostatic charge 

trapping effect with various origin can be analyzed in the framework of double 

Gaussian DOS model. For example, the threshold voltage shift by the drain 
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voltage has been examined through the bias-stress effect. However, some 

experimental results exhibited the threshold voltage shift between the linear and 

saturation regime although there was not bias-stress effect. Such phenomenon can 

be modelled with numerical calculation with double Gaussian DOS with different 

drain voltage. In addition, the threshold behavior in the flexible or bended devices 

can be studied by extending 2-D to 3-D numerical simulation. Because bending 

test can cause additional trap states, the double Gaussian DOS model in 3-D 

numerical TCAD simulation can quantify this problem.  

In addition, a correct parametrization for organic diodes should be 

conducted because of the strong internal electric field. In OFETs, the effect of 

electric field on the hopping transport was overlooked due to the large channel 

length. The strong electric field in diodes will affect significantly on the 

parametrization in the GDM with spatial and energetic disorder such as the 

localization length and attempt-to-escape frequency. Also, in industrial aspect, 

we can expect that the electronic design automate (EDA) industry for organic 

circuit and system will be promoted by providing a proper transport model and 

its parameterization within the commercial TCAD simulator. The validation of 

simulation program with integrated circuit emphasis (SPICE) modeling should 

be necessary with our TCAD device model and parametrization for complex 

organic systems.  

Lastly, the full analytical expression of charge-based injection barrier with 

Fermi-Dirac statistics should be developed because ODSs are more likely to 

belong to the degenerate condition than the non-degenerate condition. Without 

the analytical solution of Gauss-Fermi integral, charge-based injection barrier and 

the clear definition of band edge of broad Gaussian DOS is impossible. Also, the 

effectiveness of the transport-based Eb
t should be examined. Different with 

charge-based Eb
eff that is already validated by the contact resistance, Eb

t was not 

correlated with any device parameters yet. It is essential to study device physics 

via Eb
t.  

 

 

 

 



 

101 

 

 

 

 

Appendix A 

Publications 

 

Journal articles 

1. Yongjeong Lee, Yunho Ahn, Gilles Horowitz, Hyunjin Park, Sungjune Jung, 

Sungyeop Jung, and Yvan Bonnassieux, “The effect of charge trapping in 

double Gaussian density-of-states on the threshold behaviour of organic 

transistors”, (In revision in Organic Electronics)  

2. Yongjeong Lee, Gilles Horowitz, Andrew Plews, Ahmed Nejim, Olivier 

Simonetti, Louis Giraudet, Sergei D. Baranovskii, Sungjune Jung, Sungyeop 

Jung, and Yvan Bonnassieux, “A correct parametrization of Gaussian 

disorder model to account for the high mobility and disordered organic 

transistors”, (In revision in Physical Review Applied)  

3. Yongjeong Lee, Gilles Horowitz, Sungjune Jung, Sungyeop Jung, and Yvan 

Bonnassieux, “Validity of the effective injection barrier in organic 

transistors”, (In revision in Journal of Physics D: Applied Physics)  

4. Sungyeop Jung, Yonjeong Lee, Andrew Plews, Ahmed Nejim, Yvan 

Bonnassieux and Gilles Horowitz, “Effect of Gaussian Disorder on Power-

Law Contact Resistance and Mobility in Organic Field-Effect Transistors”  

(Accepted in IEEE Transactions of Electron Devices)  

 

Conference presentations 

1. Yongjeong Lee, Gilles Horowitz, Andrew Plews, Ahmed Nejim, Olivier 

Simonetti, Louis Giraudet, Sergei D. Baranovskii, Sungjune Jung, Sungyeop 
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Jung, and Yvan Bonnassieux, “Parametrization of Gaussian Disordered 

Model with Fully Spatial and Energetic Disorder for Organic Thin Film 

Transistors”, ECS PRiME, Hawaii, USA 2020 Invited 

2. Yongjeong Lee, Sungyeop Jung, Gilles Horowitz, Sungjune Jung and Yvan 

Bonnassieux, “Validity of the extended Gaussian disorder model for OFETs 

application”, CAD-TFT 2019, Tarragona, Spain 2019 Oral  

3. Yongjeong Lee, Yunho Ahn, Sungyeop Jung, Gilles Horowitz and Yvan 

Bonnassieux, “The origin of threshold voltage in OFETs”, International 

conference of organic electronics (ICOE), Hasselt, Belgium 2019 Poster 

4. Yongjeong Lee, Sungyeop Jung, Sungjune Jung, Gilles Horowitz and Yvan 

Bonnassieux, “Analysis of organic field effect transistor: degenerate and non-

degenerate”, International thin-film Transistor Conference (ITC), Naha, 

Okinawa, Japan 2019 Oral 

5. Yongjeong Lee, Sungyeop Jung, Sungjune Jung, Gilles Horowitz and Yvan 

Bonnassieux, “Drain current model for coplanar OFETs with power-law 

mobility and contact resistance”, International Meeting on Information 

Display (IMID), Busan, Korea 2018 Oral 

6. Yongjeong Lee, Sungyeop Jung, Gilles Horowitz and Yvan Bonnassieux, 

“Relationship between effective injection barrier and contact resistance/field-

effect mobility in coplanar organic transistor”, International conference of 

organic electronics (ICOE), Bordeaux, France 2018 Poster 

7. Yongjeong Lee, Sungyeop Jung, Gilles Horowitz and Yvan Bonnassieux, 

“Physically-based contact resistance modelling for coplanar organic field-

effect transistors”, International thin-film Transistor Conference (ITC), 

Guangzhou, China 2018 Oral 

8. Yongjeong Lee, Sungyeop Jung, Gilles Horowitz and Yvan Bonnassieux, 

“Charge distribution and contact resistance model for coplanar organic field-

effect transistors with Gaussian density of state”, Workshop on Flexible 

Electronics (WFE), Tarragona, Spain 2016 Oral 
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Appendix B 

Activities 

 

Research visit 

1. Silvaco Europe Ltd., St Ives, UK, July 2019 

Hosting advisor : Dr. Ahmed Nejim and Dr. Andrew Plews 

 

 

Training 

1. 8th SiNANO Modelling Summer School, September 2018, Taragonna, Spain 

 

 

Teaching 

1. Tutoring lecture at École polytechnique, PHY559A, Analog and numerical 

integrated circuits, Spring 2019 

2. Tutoring lecture at École polytechnique, PHY567A, Physics of 

semiconductor components, Spring 2018 
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Appendix C 

Experimental details 

 

Thermally evaporated pentacene OFETs 

The device was fabricated in a bottom-gate staggered structure with various 

channel lengths L=30, 40, 50, 60 and 80 𝜇m and the channel width W=1 mm. 

Initially, the glass substrate was cleaned by acetone, isopropanol and UV-ozone 

treatment and then, Al (100 nm) was thermally evaporated for the gate electrode. 

As for the gate insulator, polymethyl methacrylate (PMMA, MW = 120 000) 

solution (200mg of PMMA dissolved in 3ml of toluene for 24 hours) was spin-

coated at 3000RPM/5s/60s for 600 nm on the Al/glass substrate. Lastly, pentacene 

(60nm) and Au (30 nm) were thermally-evaporated for the organic active layer 

and the source/drain electrode, successively; Evaporation rates of both pentacene 

and Au were globally kept at 0.01 nm/s under 1.9 e-7 mbar. All processes except 

the cleaning were carried out in a nitrogen glovebox.  

 

 

 

Ink-jet printed Tips-pentacene OFETs with soluble 

polyimides gate insulators 

Soluble polyimides gate dielectric were combinations of 5-(2,5-

Dioxotetrahydrofuryl)-3-methyl-3-cyclohexene-1,2-dicar-boxylicanhydrid 

(DOCDA), 4,4'-(Hexafluoroisopropy-lidene)diphthalic anhydride (6FDA) 

monomers that contain a methyl group and a trifluoromethyl group in the 

backbone and 3,5-Diamino benzyl cinnamate (DABC) and 4,4'-
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Methylenedibenzenamine (MDA) that contain a cinnamate group and a 

methylene group in the backbone. The 40 nm thick aluminum was thermally-

evaporated on the glass as the gate electrode. As for the gate dielectric, soluble 

polyimides were spin-coated at a 3000 rpm for 1 minute and then annealed at 

100 ℃  for 30 minutes. 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-

pentacene) semiconductor ink was printed into the printed bank solution 

(1120 μm ×  1830 μm) using the dispenser at a 50ms dispensing duration and a 

5kPa discharge pressure. All printing processes were performed in the air. To 

crystallize TIPS-pentacene film and remove residual solvent, the sample was 

annealed at 70 ℃  for 10 minutes. Lastly, 40nm thick gold was thermally-

evaporated for source and drain electrodes with a channel length 𝐿 = 50 μm 

and width 𝑊 = 1 mm. 
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distribution of the density-of-states (DOS) is 

still lacking in spite of the disordered nature of 

organic semiconductors. Because charge 

transport and injection take place at the 

Gaussian DOS, this distinctive energetic 

structure of organic semiconductors could make 

the charge-accumulation process, and hence the 

device operation, different. This thesis is 

dedicated to understanding the effect of 

Gaussian DOS on device parameters of OFETs, 

the threshold voltage, charge-carrier mobility 

and injection barrier via numerical finite-

element based 2D simulations and experimental 

validation. The threshold voltage 

is comprehended by the charge trapping into the 

secondary Gaussian trap DOS as well as the 

intrinsic Gaussian DOS. We show that the 

overlap of two Gaussian DOSs due to the 

disorder induces specific threshold behaviors of 

OFETs. Second, the hopping transport is studied 

via Gaussian disordered model (GDM) on 

random spatial sites of organic semiconductors. 

This model can offer a precise result over GDM 

with cubic lattice. Also, we propose a correct 

parametrization of the model for wide range of 
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injection barrier are studied and compared with 
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