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Abstract 

 Organic field-effect transistors (OFETs) have attracted much attention for 

plastic electronics. On the basis of recent development of fabrication techniques, 

OFETs with high mobility over 10 cm2/Vs have been reported. Application of external 

field is a fascinating technique for OFET fabrication. So far, applications of light, 

electric field, magnetic field and mechanical vibration have been investigated during 

OFET fabrication processes. If external fields are combined with conventional 

fabrication techniques, it will be another potential way for OFET fabrication. In this 

dissertation, I fabricated OFETs with external fields in three kinds of studies. 

 In the first study, electric field was applied after drop-casting of pentacene 

solution. I found the pentacene single crystals responded to the electric field. The 

crystals behaved as if they were positively charged and they could be placed between 

the FET electrodes under the optimized alternating-current (ac) electric field. In 

addition to such placement control, this study also proved the possibility of electric-

field-induced orientation control of single crystals. 

In the second study, electric field was applied on the dioctyl-benzothieno-

benzothiophene (C8-BTBT) single crystals during solvent vapor annealing (SVA). In 

this process, the crystals responded to the field and behaved like negatively charged 

substances. Unlike the first study where the electric field was applied on the grown 

crystals, the electric field worked on the growing crystals. Thus, the C8-BTBT crystals 

were highly aligned along the field between two electrodes and the fabricated FETs 

showed good performance.  

 In the third study, light was irradiated on the C8-BTBT FETs after fabrication. 

The irradiation was performed in the ambient atmosphere, which improved the field-

effect mobility by 4 times up to 10 cm2/Vs. The investigation on the enhancement 

condition revealed that this phenomenon occurred only in the case of irradiation in the 

ambient or oxygen atmospheres. 

Application of external field proved a promising way for facile OFET 

fabrication which is applicable for various kinds of organic semiconductor molecules. 

These fundamental findings will provide new insights for practical OFET fabrication. 
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Chapter 1. General Introduction 

1.1 Brief overview of organic field-effect transistor (OFET) 

Organic field-effect transistor 

(OFET), a kind of field-effect transistor 

consisting of organic semiconductor as 

shown in Figure 1.1, has attracted much 

attention since the first fabrication in 

1980s.1–5 Although the initial value of field-

effect mobility was as low as 10-5 cm2/Vs, 

they have been improved further for more 

than three decades.6–12 As a result, the 

excellently high-performance OFETs with field-effect mobility of higher than 10 

cm2/Vs have been reported,13–28 which exceeds amorphous silicon (-Si) FETs of 0.1-

1 cm2/Vs and is comparable to poly-crystalline silicon (c-Si) FETs of >10 cm2/Vs. In 

recent years, higher-performance OFETs have also been reported on the basis of the 

electric-field-induced Mott transition29–33 or superconductive phase transition.34 

OFETs have fascinating possibility for next-generation devices. 

As compared with the conventional inorganic FETs, OFETs have various unique 

characteristics. Among them, major characteristics are their flexibility and lightness. 

Molecules in an organic crystal condense together not with covalent bonds but with 

van der Waals bonds. Such van-der-Waals-bonded molecules have room to modulate 

their distances, realizing the macroscopic flexibility of the crystal. In addition, since 

organic molecules are mostly composed of light elements such as carbon and hydrogen, 

the weight of OFET is much smaller than that of inorganic FET. On the basis of these 

flexibility and lightness, OFETs are expected to be applied for various species of 

flexible and wearable devices such as flexible displays, wearable sensors, radio-

frequency identification (RFID) tags, electronic skins, pressure-/temperature-

Figure 1.1 Schematic illustration of 

typical structure of OFET in top-

contact/bottom-gate configuration. 



 Chapter 1. General Introduction 

5 

 

/chemical-/bio-sensors and so on.35–44 

In addition to the above two characteristics, solubility of organic molecules also 

characterizes OFET from inorganic FET. In the earlier stage of their history, OFETs 

were mainly fabricated through vacuum deposition. However, this fabrication method 

was not applicable for low-cost and fast manufacturing. In recent years, on the basis 

of development of molecular design and synthesis, various kinds of solution-

processable organic semiconductor molecules have been reported: soluble 

oligothiophenes, substituted acenes, alkylated aromatic molecules, and so on. Such 

development realized solution-processed OFETs and noticed that the solution process 

was compatible not only with the low-cost and fast fabrication but with the wide-area 

and high-throughput fabrication. Indeed, the solution-processed high-mobility OFET 

arrays with higher than 30 cm2/Vs have been fabricated through ink-jet printing.18 

However, there still remains several requirements to realize practical manufacturing 

of OFET array. Solution of such requirements is crucial to promote practical OFET 

application. 
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1.2 Requirements for practical OFET array 

As shown in Figure 1.1, an OFET basically consists of three layers: a gate metal 

layer, a dielectric layer, and an organic semiconductor layer. Three terminals are 

connected to these layers: source and drain electrodes connected to the organic 

semiconductor layer, and a gate electrode connected to the gate metal layer. In this 

configuration, the organic semiconductor layer works as an active channel and the 

fabrication of the semiconductor layer is a key step for OFET performance. To 

fabricate high-performance OFETs, the use of single crystals is preferable for the 

semiconductor layer. Single crystal has no (or few) grain boundaries, molecular 

disorders and chemical impurities, which usually disturb the transport of charge 

carriers. Thus, the absence of them leads to high-mobility OFET. Indeed, most of high-

performance OFETs exceeding 10 cm2/Vs were composed of single crystals or single 

crystalline films.13–18,20,22–24 Among these previous reports, it was also achieved to 

fabricate single-crystal OFETs through solution process for low-cost and 

manufacturing.17,18,20,22–24 However, there still remains two major requirements to 

apply the current solution process for practical manufacturing of single-crystal OFET 

array.  

 One requirement is placement control of each single crystal with submillimeter 

length into a patterned array. In conventional silicon FET, a depletion region is formed 

around the active channel, which prohibits the cross-talk current between neighboring 

channels. In OFETs, on the other hand, there is no depletion region around the channel. 

If a non-patterned array is fabricated on one crystal, there will appear large leak current 

(Figure 1.2a). This leak current can be suppressed by patterning each crystal into each 

channel (Figure 1.2b). Thus, precise placement of crystals is essential for practical 

OFET array.  

Another requirement is orientation control of the crystallographic axis of each 

crystal. In organic semiconductor film, organic molecules laterally stack each other by 

- interactions. As organic semiconductor molecules have anisotropic -molecular 

orbitals (Figure 1.3b,c: pentacene molecule), - interaction produces an anisotropic 
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Figure 1.2 (a,b) Schematic illustration of non-patterned array (a) and precisely 

patterned array (b), showing necessity of patterning for suppression of leak current. 

Figure 1.3 Fundamental information on pentacene crystal. (a) Chemical structure of 

pentacene molecule. (b,c) HOMO (b) and LUMO (c) of pentacene molecule by 

density functional theory (DFT) calculation (RB3LYP, 6-31G(d,p)). (d,e) Schematic 

illustrations of bulk-phase pentacene crystal structure of lateral a-b plane showing 

herring-bone arrangement (d), and longitudinal b-c plane (e). 
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crystal structure. Most of high-mobility organic semiconductor molecules have an 

anisotropic herring-bone arrangement in a lateral a-b plane (Figure 1.3d: bulk-phase 

pentacene crystal45). In this herring-bone arrangement, carrier mobility also becomes 

anisotropic. For example, the ratio of maximum mobility to minimum mobility in the 

angular dependence is two in the rubrene crystal14 and as large as three in the pentacene 

crystal.46 To keep the performance uniform in all devices, the crystallographic axis of 

each crystal should be aligned to fabricate uniform single-crystal OFET array (Figure 

1.4). 

So far, many researchers have reported on the placement control18,47–49 and 

orientation control17,20,22,24,48,50–56 of organic single crystals during solution process. 

Typical fabrication methods are summarized in Figure 1.5. In the placement control, 

there have been widely performed ink-jet printing, stamp patterning and template-

assisted drying (Figure 1.5a). The orientation control were realized during drop-

casting, solution-shearing, dip-coating, blade-coating, and so on (Figure 1.5b). In those 

schemes, however, it is difficult to control the crystal placement and orientation 

simultaneously. For example, the directional drying method cannot be performed in a 

submillimeter-scale-patterned narrow regions, while the orientation control cannot be 

Figure 1.4 (a,b) Schematic illustrations of supposed anisotropy of conduction (a) and 

supposed performance of non-uniform array (b), showing necessity of orientation 

control to fabricate uniform-performance OFET array. 
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performed in ink-jet printing. Thus, the fabrication process should be improved to form 

uniform OFET array. 

  

  

Figure 1.5 (a,b) Schematic illustrations of typical methods for placement control (a) 

and orientation control (b). 
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1.3 External-field-assisted OFET fabrication 

Application of external field, the main topic of this dissertation, is a fascinating 

technique for the further improvement of OFET fabrication. It has a possibility to solve 

the current requirements of the placement and orientation control. So far, it was found 

effective to apply magnetic field57,58, electric field59–63, light64,65, and mechanical 

vibration66 for control of molecular orientation. For example, the electro-magnetic 

field interacts with the molecular dipole moment of polar molecules such as metal-

phthalocyanine, which aligns molecules along the field.59 Polymorphism control by 

light irradiation can be performed based on wavelength-dependent light absorption of 

crystal phase.65 The mechanical vibration during crystallization induced the transition 

from a quasi-stable state to the most stable state.66 If these external fields can be 

combined with conventional fabrication techniques, it will be another potential way 

for OFET fabrication. 

Recent external-field-assisted OFET fabrication as indicated above has been 

mainly performed during vapor growth. In vapor growth, however, the interaction 

between molecules and the underlying substrate is often larger than that between 

molecules and the external field. In addition, the diffusion length of vapor-deposited 

molecules is so short (< 10 m) that the molecules form only small grains. Thus, the 

effect of external field in vapor growth is too small to produce high-performance FETs 

with channel length of several tens of micrometers. Application of external field during 

solution process, on the other hand, seems preferable to control crystal growth in a 

macroscopic scale. In solution process, the molecules have long diffusion length and 

the grown crystals can move with support of surrounding solvent. Thus the effect of 

external field on large crystallite is expected.  

Among various phenomena caused by external field in solution, I focused on a 

dielectrophoretic (DEP) force in Chapter 2 and 3 in this dissertation. The DEP force is 

known to work on the colloidal suspension by application of electric field and the DEP 

force attracts the colloids toward the applying electrodes. In the effective dipole 

moment (EDM) theory, the DEP force is given as follows67–70: 
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〈𝐹⃗DEP〉 =  𝛤εmRe{𝐾f}∇(𝐸⃗⃗2) (1-1) 

where 𝛤 is a geometric parameter relating to 

the particle shape and size; εm is the real part 

of the dielectric permittivity of the medium; 𝐾f 

is the polarization factor known as the Clausius-

Mossotti factor; 𝐸⃗⃗ is the local electric field. 

For a spherical particle with radius r, 𝛤 and 𝐾f are given as follows: 

𝛤 = 2π𝑟3 (1-2) 

𝐾f =  
ε∗

p − ε∗
m

ε∗
p + 2ε∗

m
 (1-3) 

where ε∗
p  and ε∗

m  are the complex permittivity of the particle and medium, 

respectively. When the dielectric constant of the particle is larger (smaller) than that of 

the medium, the real part of the 𝐾f becomes positive (negative) and the DEP force 

works as an attractive (repulsive) force along the gradient of electric field (Figure 1.6). 

In the case of inorganic nanowire suspension, the attractive DEP force allows the 

nanowires to place between the edges of two electrodes where the gradient of electric 

field is the highest. In addition, the DEP torque, arising from the interaction between 

the electric-field-induced polarization and electric field, can make the nanowires align 

parallel to the applying field. As a consequence, the nanowires can bridge the two 

electrodes.69,70 In Chapter 2 and 3, I applied this fabrication scheme for OFET 

fabrication, intending to control the placement and orientation of organic crystals by 

external electric field. 

In addition to the above application of external field during OFET fabrication, 

FET performance can be modulated by the external field after fabrication. In this 

dissertation, I also focused on the light-irradiation-induced modulation of FET 

performance in Chapter 4. So far, the modulation of current by light irradiation has 

Figure 1.6 Schematic illustration of 

colloidal solution under electric field. 
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been achieved based on photochromism71–79 or photo-induced charge excitation.80-88 

In photochromism, which means photo-induced molecular isomerization, the current 

can be modulated by photo-induced doping, improvement of charge-injection 

efficiency, and change of dielectric capacitance. On the other hand, the modulation 

without photochromism has been performed by excitation of charge-carriers or 

excitation of semiconductor/dielectric interfacial traps. In most cases, the photo-

induced modulation resulted in threshold-voltage shift or off-current increase in FET 

performance. However, field-effect mobility, which is a key parameter for OFET 

performance, has hardly ever been modulated by light irradiation. In Chapter 4, I 

investigated on the modulation of field-effect mobility of OFETs by light irradiation 

after fabrication. 
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1.4 Principal findings in this dissertation 

 In this dissertation, I chose electric field and light irradiation as external fields, 

because they are easily controllable fields for facile fabrication process. I investigated 

on the application of these fields during/after OFET fabrication in the following three 

kinds of studies. 

In the first study (Chapter 2), electric field was applied after drop-casting of 

pentacene solution. Pentacene is a benchmark organic semiconductor molecule in 

OFET research.89 I found the pentacene single crystals responding to the electric field. 

The crystals behaved as if they were positively charged and they could be placed 

between the FET electrodes under the optimized alternating-current electric field. This 

study also proved the possibility of electric-field-induced orientation control of single 

crystals. 

In the second study (Chapter 3), electric field was applied on the dioctyl-

benzothieno-benzothiophene (C8-BTBT) single crystals during solvent vapor 

annealing (SVA). C8-BTBT is known to show high mobility exceeding 1 cm2/Vs.90 In 

this process, the crystals responded to the field and behaved like negatively charged 

substances. Unlike the first study where the electric field was applied on grown crystals, 

the field in this study was applied on growing crystals. The C8-BTBT crystals were 

highly aligned along the field between two electrodes and the fabricated FETs showed 

good performance.  

 In the third study (Chapter 4), light was irradiated on the C8-BTBT FETs after 

fabrication. The irradiation was performed in the ambient atmosphere and I found that 

field-effect mobility was improved by 4 times up to 10 cm2/Vs during the irradiation. 

The investigation on the device configuration and enhancement condition revealed that 

this phenomenon occurred only in the case of a pre-annealed C8-BTBT/PMMA 

double-layered FET in the ambient or oxygen atmospheres.  
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1.5 Equipment used in this dissertation 

Figure 1.7 Photographs of equipment used in this dissertation: (a) UV/ozonizer (UV-

1, Samco); (b) spin-coater (K-359SD-1, Kyowariken); (c) desiccator and heater to 

reduce GO with hydrazine vapor; (d) hot plate (ND-1, Ninos); (e) heating furnace 

(MILA-5000HV, Ulvac) to reduce GO; (f) glove box; (g) metal-halide lamp (LA-

80MT, Hayashi Watch-Works); (h) function generator (model 25, Wavetek: upper) 

and amplifier (9100-15-G, Tabor Electronics: lower); (i) a couple of 

picoammeter/voltage sources (model 6487, Keythley); (j) vacuum chamber to 

deposit gold electrodes; (k,l) vacuum chambers for FET measurement. 
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(m) high-speed microscope (high-speed camera and microscope) (VW-9000, 

Keyence); (n) optical lenses of ×50-500 (VH-Z50L, Keyence: left) and ×500-5000 

(VH-Z500R, Keyence: right), which are combined with high-speed microscope (two 

polarizers can be inserted into these lenses for polarized optical microscopy); (o) 

atomic force microscopy (JSPM-4210, JEOL); (p) X-ray diffractometer in Terashima 

lab. in the Univ. of Tokyo (ATX-G, Rigaku); (q) X-ray diffractometers in AIMR in 

Tohoku Univ. (SmartLab 9MTP, Rigaku: right; SmartLab 9KAB, Rigaku: left); (r) 

Micro-Raman-spectrometer (NRS-3000, Jasco); (s) Kelvin-probe force microscopy 

in Ueno lab. in Saitama Univ. (AFM5100N, Hitachi); (t) ultra-violet photoelectron 

spectroscopy measurement system. 
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Chapter 2. 

Application of Electric Field after Drop-Casting 

2.1 Introduction 

 In this chapter, external electric field was applied after drop-casting of 

pentacene solution. As mentioned in General Introduction (Chapter 1), application of 

external electric field for organic semiconductor fabrication have been mainly 

performed during vacuum deposition. In vapor growth, an electric field interacts with 

molecular dipole moment and controls the molecular orientation. However, the 

interaction between molecules and the substrate is often larger than that of molecules 

and electric field, which limited the effects of electric field within small crystallites. 

To control placement and orientation of crystals in a macroscopic scale, application of 

electric field during solution process is desirable. 

The drop-casting process investigated in this study is one of the most common 

methods among various solution processes. I investigated on the pentacene single 

crystals formed via drop-casting and I found that the grown pentacene crystals in 

solution responded to the electric field. As compared with the inorganic substances, 

there have been several similar works on the electric-field-assisted assembly.69,70,91,92 

In those reports, the electric field was applied to a colloidal suspension of nanowires 

and the field induced a dielectrophoretic (DEP) force in the nanowires. The mechanism 

of DEP force is mentioned in Chapter 1. According to the effective dipole moment 

(EDM) theory, when the dielectric constant of the particle is larger (smaller) than that 

of the medium, the real part of Clausius-Mossotti factor becomes positive (negative) 

and the DEP force acts as attractive (repulsive) force along the gradient of the electric 

field.69 In the case of inorganic nanowires, the attractive DEP force made the 

nanowires place between two electrodes. In addition to such attractive force, a DEP 

torque, arising from the interaction between the electric-field-induced polarization and 

electric field, could make the nanowires align parallel to the applying field. As a 
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consequence, the nanowires could bridge the two electrodes by the external electric 

field. 

 In this study, I have fabricated pentacene single-crystal FETs through electric-

field-assisted drop-casting process. Pentacene is a benchmark material for OFET. 

Although there have been many reports on the fabrication of thin films and single 

crystals of pentacene, there have been no works on the placement and orientation 

control of pentacene single crystals. I used 1,2,4-trichlorobenzene as solvent which 

has small dielectric constant and I found that the pentacene single crystals in the 

solvent hovered and landed on the channel between electrodes with the use of the 

alternating-current electric field. Furthermore, I also found that the crystals with large 

aspect ratio (length per width) tended to align parallel to the electric field. FET 

measurement revealed that this orientation was suitable for the charge transport in 

pentacene single crystals. Then, a facile top-down solution-processed fabrication of 

single-crystal OFETs could be achieved by application of external electric field. 
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2.2 Experimental 

The fabrication process is schematically illustrated in Figure 2.1. Firstly, Au or 

reduced graphene oxide (RGO) electrodes were formed on an SiO2/Si wafer (n-type, 

the oxide layer has 300 nm thickness). In both cases, the channel length was 50 m. 

In the case of Au electrodes, the SiO2/Si substrate was cleaned by ozone gas at 50 °C 

for 10 min in a UV/ozonizer (UV-1, Samco). Then, the Au electrodes of 35 nm 

thickness were formed on the substrate with a mask on through vacuum deposition. 

In the case of RGO electrodes, on the other hand, graphene oxide (GO) solution 

was firstly prepared from graphite powder (supplied from Nippon Graphite Industries 

and SEC Carbon) through a modified Hummers’ method.93 The prepared GO solution 

was sonicated for 30 min to crack the GO sheets into small flakes with the size of 

several micrometers. Then, the SiO2/Si substrate with a mask on was exposed to ozone 

gas at 50 °C for 10 min in a UV/ozonizer. During this process, the area covered with 

the mask remained hydrophobic, while the non-covered area turned hydrophilic. On 

this substrate, a GO thin film with thickness of about 10 nm was formed by spin-

coating of GO solution in methanol at 3000 rpm. This GO film was reduced into 

reduced graphene oxide (RGO) film by exposure to hydrazine vapor at 100 °C for 1 

h in a desiccator and by annealing at 500 °C for 30 min in a heating furnace. The 

fabricated RGO sheets showed high conductivity of about 103 S/m.94 Finally, this 

substrate was exposed to ozone gas at 50 °C for 1 min in a UV/ozonizer to turn the 

channel solvophilic against 1,2,4-trichlorobenzene which was used in the following. 

Pentacene solution was drop-cast on this substrate. Pentacene powder is known 

to be soluble in heated 1,2,4-trichlorobenzene.95–97 I dispersed pentacene powder 

(purchased from Sigma-Aldrich and used after purification) in 1,2,4-trichlorobenzene 

(purchased from Tokyo Chemical Industry Co.) at the concentration of 0.025 wt.% at 

200 °C. This solution was prepared under an N2 atmosphere in a glove box, because 

pentacene can be easily oxidized into 6,13-pentacenequinone under the ambient 

atmosphere (Figure 2.1e). This solution was drop-cast on the substrate which was pre-
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heated at 130 °C (Figure 2.1a). Immediately after drop-casting, pentacene molecules 

recrystallized into single crystals at the liquid/vapor interface via rapid cooling. Then 

the crystals continued to grow for 20 s (Figure 2.1b). After 20 s from drop-casting, 

electric field was applied through the Au or RGO electrodes (Figure 2.1c). Finally, 

solvent evaporated in 300 s and formed an FET structure (Figure 2.1d). During this 

process, the real-time optical microscope observation was performed using a high-

speed camera (Figure 2.2m,n). 

FET measurement was performed in vacuum of less than 1×10-2 Pa at room 

temperature using a couple of picoammeter/voltage sources (model 6487, Keithley). 

Source and drain terminals were connected to the Au or RGO electrodes, and a gate 

terminal was connected to the underlying silicon substrate. Field-effect mobility and 

threshold voltage were evaluated in the saturation region. In transfer characteristics in 

the saturation region, the source-drain current 𝐼D,sat and saturation-mobility 𝜇sat are 

given as follows: 

𝐼D,sat  =
𝜇sat𝑊C𝑖

2𝐿
(𝑉G − 𝑉T)2 (2-1) 

𝜇𝑠𝑎𝑡 =  |
d𝐼D

1
2

d𝑉G
|

2

2𝐿

𝑊Ci
 (2-2) 

where 𝑊 is the channel width; 𝐿 is the channel length; Ci is the capacitance of gate 

insulator which was evaluated as 11.5 nF/cm2 from that of SiO2 capacitance (SiO2 = 

3.9, d = 300 nm); 𝑉G is the gate voltage; 𝑉T is the threshold voltage. The values of 

𝜇sat and 𝑉T were extracted by fitting to the above formulas. 
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Figure 2.1 (a-d) Schematic illustration of the process. (e) Photographs of pentacene 

solution heated in the ambient atmosphere, showing oxidization. 
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Figure 2.2 (a,b) Photograph (a) and corresponding schematic illustration (b) of real-

time observation system in glove box. 
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2.3 Results and discussion 

2.3.1 Pentacene crystal structure 

 Firstly, crystal structure of pentacene single crystals through the drop-casting 

process will be discussed. In this study, I developed a new recrystallization process of 

pentacene single crystals. In previous reports, the pentacene solution which was pre-

heated around 200 °C was drop-cast on a substrate which was heated at higher than 

180 °C. Then, rapid evaporation occurred and pentacene molecules recrystallized into 

a thin-film structure at the vapor/liquid/substrate interface, where the evaporation rate 

of solvent was the largest.95–97 In this study, on the other hand, the solution at 200 °C 

was drop-cast on a substrate which was heated at 130-140 °C. Then, the solution was 

rapidly cooled down and pentacene molecules recrystallized into single-crystal grains 

at the vapor/liquid interface, where the cooling rate of solution was the largest. Then, 

temperature of the solution and substrate was optimized as 200 °C and 130 °C, 

respectively. 

 Figure 2.3a-e show the typical pentacene single crystals which were grown after 

recrystallization. As shown in the images, pentacene single crystals of 50-300 m in 

lateral length and several hundreds of nanometers in thickness were formed. They had 

two parallel sides and their apexes of an acute angle were truncated slightly. The acute 

angle between two sides ranged from 72° to 75°, which was close to that of a bulk-

phase crystal (75°) rather than that of a single-crystal-phase crystal (77°).45 On the 

basis of a structure of the bulk phase, the longer and shorter sides were ascribed to the 

(110) and (1̅10) facets, respectively. An example of ascription of crystal axes is 

shown in Figure 2.3f. 

 In general, the pentacene crystal is known to have various polymorphs. Typical 

three kinds of polymorphs are the bulk phase, the single-crystal phase and the thin-

film phase.45 If pentacene crystal is prepared through recrystallization, its polymorph 

is usually the bulk phase or the single-crystal phase. In general, the phase transition 

from the bulk phase (high-temperature phase) to the single-crystal phase (low-
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temperature phase) is known to occur at 190 ° C.98 On the basis of this fact, 

recrystallization of the bulk-phase single crystals in this study seemed to occur above 

190 °C. 

 

 

 

 

  

Figure 2.3 (a-e) Typical pentacene crystals grown in this study. (f) Schematic 

illustration of ascribed bulk-phase crystal structure. 
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2.3.2 Application of direct-current (dc) electric field 

 Figure 2.4 shows the results of application of electrostatic direct-current (dc) 

electric field. When electric field of 1.0×105 V/m was applied, a part of the pentacene 

crystals moved toward the cathode and were captured mainly at the edge of the cathode 

(Figure 2.4a). The other crystals were not captured at the cathode and dispersed over 

the substrate. When the electric field strength was increased twice (2.0×105 V/m), 

most of pentacene crystals were captured at the cathode and covered the channel 

(Figure 2.4b). When the electric field strength was increased up to 1.4×106 V/m, the 

similar capturing and covering features were observed (Figure 2.4c).  

 The crystal movement from the anode to the cathode indicates the 

electrophoresis under an electrostatic field. That is, the positive electrification occurs 

in the inside of the pentacene crystals, although pentacene molecule itself is 

intrinsically neutral. Such electrification is also known in the case of rubrene crystal 

surrounded by m-xylene solvent.62 In contact electrification, it is empirically known as 

Coehn’s rule that the intrinsically neutral substances will be charged when they contact 

with another material which has different dielectric constant.99 This rule states that the 

substance with larger dielectric constant will be positively charged, while that with 

smaller dielectric constant will be negatively charged.99 In the present case, the 

dielectric constant of pentacene (4.0)100 is larger than that of 1,2,4-trichlorobenzene 

(3.95)101, which seems to cause positive charge in the pentacene crystals. In addition, 

the previous report on positive electrification of rubrene crystals (rubrene=2.55-3.12)102 

in m-xylene (m-xylene=2.36)103 could be also explained by the difference of dielectric 

constants. 

 In this way, the pentacene crystals responded to the applied external electric 

field. As these crystals were positively charged in solution, more crystals gathered 

under the stronger electric field. However, in the present case, these crystals were 

captured mainly on the cathode and they did not form FET structure under the dc 

electric field. To place pentacene crystals just between the two electrodes, the 
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application of an alternating-current (ac) electric field was examined in the following 

section. 

 

 

  

Figure 2.4 Pentacene single crystals captured around the channel under various dc 

electric fields: 1.0×105 V/m (a), 2.0×105 V/m (b), and 1.4×106 V/m (c). Dashed lines 

in (b) and (c) indicate the position of electrode edges. 
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2.3.3 Application of alternating-current (ac) electric field 

 Figures 2.5 and 2.6 are the sequential polarized optical microscope images 

under alternating-current (ac) electric field of square wave (6.0×105 V/m at 10 Hz in 

Figure 2.5, 3.0×105 V/m at 0.5 Hz in Figure 2.6). Pictures (i)-(iv) in Figure 2.5 show 

the movement of a pentacene crystal within 0.2 s (two cycles of the square wave) and 

those in Figure 2.6 show within 2 s (one cycle). In Figure 2.5, pictures (i) and (iii) 

show the state at which the moving direction of the pentacene crystal was just reversed 

to the right, while pictures (ii) and (iv) show that was just reversed to the left. Along 

the reversal of moving direction, the pentacene crystal rotated slightly, where their 

color was changed in the polarized optical microscope observation. The similar 

Figure 2.5 Polarized optical microscope images of pentacene single crystal between 

Au electrodes under ac electric field (6.0×105 V/m, 10 Hz) of square wave for 0.2 s. 

Arrows in each image indicates direction of crystal movement. 
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movement was also shown in Figure 2.6. In these images, uniform color over the 

crystal and its sensitive response to the crystal direction indicated single crystallinity 

of pentacene crystals.  

 As shown in the above images, the pentacene crystals under ac electric field 

swung between two electrodes. To find the optimal conditions to place the crystal just 

bridging over the channel, I investigated the dependence of crystal movement on the 

field strength and frequency. Firstly, the frequency was changed from 1 to 1000 Hz, 

where the field strength was set at 6.0×105 V/m. The swing amplitude was found to 

become smaller with increasing frequency. At 1000 Hz, crystals could not follow the 

alternating field probably because of the viscous damping. At 1 Hz, on the other hand, 

the swing amplitude was so large that the crystals moved over the electrodes’ surface. 

Figure 2.6 Polarized optical microscope images of pentacene single crystal between 

Au electrodes under ac electric field (3.0×105 V/m, 0.5 Hz) of square wave for 2 s.  
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The crystals could move over the electrode because the solution covers the whole 

substrate and the electric field also exists on the surface of the electrodes. Throughout 

this investigation, the medium frequencies of 10-100 Hz were best for crystals to swing 

mostly on the channel. 

Next, the electric field strength was changed from 2.0×104 V/m to 6.0×105 V/m, 

where the frequency was set at 10 Hz. In this investigation, the stronger the applied 

electric field was, the larger the swing amplitude became. Too low electric field could 

capture few crystals: most of the crystals were still floating in solution and dropped 

down at the outside of the channel after evaporation. On the other hand, too strong 

field induced too large amplitude, where the crystals were trapped on the electrode’s 

surface, that is, outside of the channel. The medium electric field was found best for 

crystals to swing around the channel. 

The above results of dependence on various electric field strength and frequency 

were summarized in Figure 2.7. For the channel length of 50 m, the electric field 

strength and frequency were optimized as 1.5×105 V/m and 100 Hz, respectively. 

Under this condition, pentacene single crystals with submillimeter length and 

submicrometer thickness could be placed between two electrodes automatically in 

both cases of Au electrodes and RGO electrodes. In the following section, 

characterization of pentacene crystals was performed after growth under this optimized 

condition. 

 

 

 



 Chapter 2. 
Application of Electric Field after Drop-Casting 

29 

 

  

Figure 2.7 Schematic illustration of crystal movement under various electric field 

and frequency observed in real-time optical microscopy. Red arrows indicate the 

amplitude of each crystal, and the rectangles surrounded by dashed line indicate the 

results. 
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2.3.4 Characterization of crystal orientation 

 After the crystals could be placed on the channel, I characterized the orientation 

of these crystals. Figure 2.8a shows an optical image of a typical pentacene single 

crystal between RGO electrodes. As mentioned in section 2.3.1, the crystal phase could 

be assigned to the bulk phase. The crystals had two parallel sides, where longer side 

and shorter side were ascribed to the (110)  facet and (1̅10)  facet respectively 

(Figure 2.3f). On the basis of these crystallographic ascription, crystal axes were 

determined as Figure 2.8b. To analyze the distribution of crystal orientation, I 

determined orientation angle 𝜃, which was defined as an angle of the [1̅10] axis 

measured from the electrode edge as shown in Figure 4a.  was 0° when the [1̅10] 

axis was parallel to the electrode edge, and  was 104.8° when the [110] axis was 

parallel to the electrode edge. In addition to , I also determined aspect ratio 𝐴, which 

was defined as the ratio of the length along the (110) facet (longer side) to that along 

the (1̅10) facet (shorter side) as shown in Figure 2.9. In the case of the crystal in 

Figure 2.8a, 𝜃 was 82° and 𝐴 was 2.2. 

 I evaluated 𝜃  and 𝐴 for various pentacene crystals placed on the channel. 

Figure 2.10 shows the relation between 𝜃 and 𝐴. For the pentacene crystals with 𝐴 

smaller than 1.5, 𝜃 seems to have no relation with 𝐴. With increasing 𝐴, on the other 

hand, 𝜃  becomes close to 90 °  and the variation of 𝜃  decreases. This result 

suggested possibility of control of crystal orientation. Such orientation control is 

known to originate from the DEP torque which has been reported on the alignment of 

inorganic nanowire69,70 and rubrene crystal62. This DEP torque is caused by the 

interaction between electric-field-induced dipole moment and electric field. Thus, 

stronger DEP torque will work on the crystal with larger 𝐴, while weaker torque will 

work on that with smaller 𝐴. In the present case, the torque works more effectively 

for the pentacene crystals with 𝐴 of larger than 1.5. 
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Figure 2.8 (a) Optical image of pentacene single crystal automatically placed 

between RGO electrodes. (b) Corresponding crystal structure of (a). 

Figure 2.9 (a)-(c) Typical examples of pentacene single crystals captured on the 

channel. Orientation 𝜃 and aspect ratio 𝐴 are described in each figure. Crystal (a) 

is same with Figure 2.8a. 

Figure 2.10 Crystallographic orientation of pentacene crystals as a function of aspect 

ratio 𝐴 for crystals formed on channel between RGO electrodes. For the pentacene 

crystals with 𝐴 larger than 1.5, 𝜃  became close to 90° and the variation of  𝜃 

decreased. 
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2.3.5 Characterization of FET performance 

 Finally, the FET performance of the fabricated pentacene crystals will be 

discussed. As mentioned in section 2.3.3, pentacene single crystals could be captured 

on the channel at the electric field of 1.5×105 V/m and 100 Hz. Under this condition, 

these crystals kept bridging over the channel after the solvent evaporation. FETs with 

RGO electrodes showed higher mobility than those with Au electrodes. This 

improvement of mobility could be ascribed to the good affinity of pentacene to RGO 

with respect to the charge injection.104 In the following, the evaluation of FET 

measurement was performed for the FETs with RGO electrodes. 

 Typical output characteristic and transfer characteristic were shown in Figure 

2.11, which was measured on the device in Figure 2.8a. In the output curve, the absence 

of nonlinear nature in small VD region and the high pinch-off voltage seemed to 

originate from a small contact resistance and a small threshold voltage. Indeed, the 

threshold voltage was close to zero as shown in the transfer curve in Figure 2.11b. An 

average threshold voltage of whole devices was as small as -0.8±4.2 V. Field-effect 

mobility was evaluated in the saturation region. The measured values as a function of 

orientation angles 𝜃  were plotted in Figure 2.12a. Most of the fabricated FETs 

showed a mobility higher than 0.2 cm2/Vs, although these FETs were fabricated in a 

Figure 2.11 Output (a) and transfer (b) characteristics of pentacene single-crystal 

FET shown in Figure 2.8a.  
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fast and simple way. Among these FETs, higher mobility was observed at the angles 

from 50° to 110°, where the conduction direction (perpendicular to the electrode edge) 

was parallel to the [010] or [1̅10] crystallographic axis as the blue and red dashed 

lines in Figure 2.12a. With respect to the relation of the mobility and aspect ratio 𝐴, 

there seemed to be no dependence (Figure 2.12b), which suggested that the mobility 

of the crystals were sensitive not to the aspect ratio but to the crystal orientation. 

 So far, the anisotropy of mobility of pentacene single-crystal FETs has been 

studied experimentally and threoretically.46,105,106 Liu et al. first observed the mobility 

anisotropy of a vapor-transported pentacene single crystal, although they did not 

investigate the relation of anisotropy and crystallographic axes.13 Soeda et al. 

fabricated single crystals from ionic liquid and observed higher mobility along the 

[010] axis, while the mobility decreased by an order of magnitude along the [100] 

axis.105 Their result was consistent with the present one, where higher mobility was 

observed along the [010]  axis than along the [100]  axis (in Figure 2.12a). In 

addition to this tendency, in the present study, the increase in mobility was also 

observed from 80° to 108°. Recent first principle calculation showed that the mobility 

in a pentacene crystal becomes higher around the [1̅10]  axis.31 Since the angle 

Figure 2.12 (a) Field-effect mobility  of pentacene FETs as a function of the angle 

𝜃. (b) Field-effect mobility  of pentacene FETs as a function of the angle 𝐴. 
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parallel to the [1̅10] axis was ascribed to the 90° in this study, the increase around 

90° might be explained in terms of highest coupling of molecular orbitals. However, 

it is too premature to discuss the anisotropy further, because the apparent anisotropy 

might be affected by another factor such as the contact between the crystals and 

electrodes. 

 Finally, the values of mobility will be mentioned. In the present study, the 

highest mobility was measured as 0.49 cm2/Vs. The value is smaller than that of the 

previous reports (2-5 cm2/Vs), which were fabricate in vacuum or ionic liquid.46,105,107 

In the case of vapor-transported crystals, the mixing of impurities was suppressed 

during growth. In ionic-liquid-assisted growth, the impurities would be excluded from 

the crystals due to the immiscibility of pentacene in fluorine based ionic liquids.107 On 

the other hand, in the case of recrystallization from 1,2,-trichlorobenzene solution, the 

fabricated single crystals is known to have poor mobility.108 1,2,4-Trichlorobenzene, 

which has a high boiling point and good affinity with pentacene, is likely to remain in 

the crystals. Moreover, in the previous report, pressure was applied to ensure the 

contact between the crystals and electrodes on a bottom-contact configuration,46 or an 

F4-TCNQ layer was inserted between the crystals and electrodes to improve the charge 

injection.105 In the present work, the key point was that the position and orientation 

control of growing pentacene single crystals were achieved by electric field and thus 

the as-deposited crystals from solution could work as field-effect transistors. There 

seems to be room to increase of mobility by optimizing the fabrication process, such 

as removal of the remaining solvent or improvement of the insufficient contact 

between the crystals and electrodes. 
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2.4 Conclusion 

 In this chapter, I achieved the placement and orientation control of pentacene 

single crystals with the use of an external electric field. In the real-time observation, 

pentacene single crystals were revealed to respond to the electric field as if they were 

positively charged in the solution. These crystals could be placed between two 

electrodes by applying the optimized ac electric field thanks to the dielectrophoresis. 

In characterization of crystal orientation, the crystals with larger aspect ratio were 

found more likely to align the [1̅10] crystallographic axis parallel to the applied 

electric field, which will be suitable from a viewpoint of the mobility anisotropy. 

Throughout this study, it was found possible to control the position and orientation of 

organic single crystal by the electric field. This result will lead to high-performance 

and low-cost industrial manufacturing of single-crystal OFET arrays through solution 

process. 
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Chapter 3. 

Application of Electric Field during Solvent Vapor 

Annealing 

3.1 Introduction 

 In Chapter 3, electric field was applied during a solvent vapor annealing (SVA) 

process. As mentioned in General Introduction (Chapter 1), the application of electric 

field during solution process is desirable to control crystal growth in a larger scale than 

the application during vacuum deposition. In Chapter 2, I applied electric field after 

drop-casting of pentacene solution. In that study, electric field was found to have 

possibility to align crystals along the electric field. Although it was a simple fabrication 

process, pentacene molecules had already crystallized before the application of electric 

field. Then, the obtained pentacene crystals have wide distribution in shapes and sizes. 

To solve these problems, it is necessary to simultaneously perform the application of 

field and the crystallization. 

Application of electric field during SVA is one possible solution to achieve the 

above problem. The SVA process is known as a facile process to yield highly 

crystalline single crystals.48,60,109–116 In the SVA process, an organic semiconductor 

film was exposed to solvent vapor. Then, the adsorbed solvent vapor formed a thin 

solvent layer on its surface.112 Simultaneously organic semiconductor molecules once 

dissolves into the solvent layer and recrystallizes into a single-crystal form. Recently, 

a polymer-assisted solvent vapor annealing (PASVA) process was developed by Liu 

and Kumatani et al., where the SVA process was performed on the 

semiconductor/polymer double layer.48,114,115 They found that the underlying polymer 

layer could assist molecules’ mobility during recrystallization and they fabricated large 

crystals with the size of several hundred micrometers with high mobility up to 9.1 

cm2/Vs.114 Through this process, nucleation will occur near the substrate and the 

electric field will work on the growing crystals unlike the grown crystals in Chapter 2. 
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Then, self-assembly of single crystals with uniform size and orientation will be 

expected. 

 In this study, I applied electric field to the growing crystals via SVA of dioctyl-

benzothienobenzothiophene (C8-BTBT) on poly-(methyl methacrylate) (PMMA). 

The C8-BTBT single crystals formed via SVA are known to show high field-effect 

mobility larger than 1 cm2/Vs.48,114 I performed the SVA process on an SiO2/Si 

substrate on which Au electrodes had been prepared beforehand. Electric field was 

applied through these electrodes during the SVA process. I performed real-time optical 

microscope observation and revealed that the electric field could induce the 

displacement and rotation of the C8-BTBT rod-like crystals. On the basis of these 

crystal movement, the crystals could bridge over two electrodes.  

  



 Chapter 3. 
Application of Electric Field during Solvent Vapor Annealing 

38 

 

3.2 Experimental 

Two kinds of devices were prepared for the SVA process: PMMA-on-Au 

configuration and Au-on-PMMA configuration. The schemes of these fabrication 

processes are schematically illustrated in Figure 3.1b,c. In both configurations, an 

SiO2/Si wafer (n-type, the oxide layer has 300 nm thickness) was used as a substrate. 

In the case of PMMA-on-Au configuration, the SiO2/Si substrate was cleaned by ozone 

gas at 50 °C for 10 min in a UV/ozonizer (UV-1, Samco). Then, an Au film with 35 

nm thickness and 50 m channel length was deposited through a shadow mask in 

vacuum. On this substrate, a double layer of 2,7-dioctyl[1]benzothieno[3,2-

b][1]benzothiophene (C8-BTBT; Figure 3.1a) and poly-(methylmethacrylate) 

(PMMA) was formed. C8-BTBT powder was supplied from Nippon Kayaku Co. and 

PMMA powder was purchased from Tokyo Chemical Industry (M0088; Mw = 13500-

14000), and they were dissolved in chlorobenzene with each concentration of 0.5 wt.%. 

The double layer was automatically formed by spin-coating of this mixed solution at 

2000 rpm for 40 s. The difference in surface energy solidifies PMMA faster than C8-

BTBT, forming a double-layered structure on the substrate until the completion of 

spin-coating.117 Finally, in an SVA process, this substrate was exposed to chloroform 

vapor in a Petri dish at room temperature for 40 min. During this SVA process, electric 

field was applied and an in-situ real-time optical microscope observation was 

simultaneously performed (Figure 3.2j,k). 

 In the case of Au-on-PMMA configuration, Au electrodes were placed between 

the PMMA and C8-BTBT layer. Firstly, the SiO2/Si substrate was cleaned by ozone 

gas at 50 °C for 10 min in a UV/ozonizer. Then, only PMMA layer was formed by 

spin-coating of PMMA solution in chlorobenzene with concentration of 1.0 wt.% at 

2000 rpm for 40 s. On this PMMA layer, Au electrodes with 35 nm thickness and 50 

m channel length were formed by vacuum deposition. Then, a C8-BTBT layer was 

formed by spin-coating of 1.0 wt.% C8-BTBT solution in toluene at 2000 rpm for 10 

s. To prevent PMMA from dissolving, toluene instead of chlorobenzene was used as 

solvent and the solution was drop-cast during rotation. Finally, the SVA process was 
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performed by exposing this substrate to chloroform vapor in a Petri dish at room 

temperature for 60 min. The parameters of the concentration and the SVA time were 

optimized so as to provide C8-BTBT crystal longer than the channel length of 50 m. 

 FET measurement of all fabricated devices was performed in vacuum of less 

than 1×10-2 Pa at room temperature using a couple of picoammeter/voltage sources 

(model 6487, Keithley). In all devices source and drain terminals were connected to 

the Au electrodes, and a gate terminal was connected to the silicon substrate. Field-

effect mobility and threshold voltage were evaluated in the saturation region in the 

similar way as Chapter 2, where gate insulator capacitance of the Au-on-PMMA 

configuration was evaluated as 10.7 nF/cm2 by combining SiO2 capacitance (SiO2 = 

3.9, d = 300 nm) and PMMA capacitance (PMMA = 2.3118, d = 15 nm (AFM)).  

Figure 3.1 (a) Chemical structure of C8-BTBT. (b,c) Schematic illustration of the 

process on the PMMA-on-Au configuration (b) and Au-on-PMMA configuration (c). 
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Figure 3.2 (a,b) Photograph (a) and corresponding schematic illustration (b) of real-

time observation system during SVA. 
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3.3 Results and discussion 

3.3.1 SVA-processed single crystals 

 Firstly, a crystal structure of the fabricated C8-BTBT single crystals will be 

discussed. In solvent vapor annealing (SVA), the double layer of C8-BTBT and 

PMMA was exposed to saturated chloroform vapor in a Petri dish at room temperature. 

Then, the PMMA adsorb chloroform vapor on its surface and a thin chloroform liquid 

layer was formed.112 C8-BTBT molecules were once dissolved into this liquid layer 

and recrystallized (Figure 3.3a).115 During this recrystallization, the PMMA layer 

assisted C8-BTBT molecules’ movement. If there is no PMMA layer, C8-BTBT does 

not recrystallize into large crystals.115 In the present work, the SVA process was 

performed at room temperature and nucleation occurred in 1-2 min. After that, crystal 

growth via Ostwald ripening started and continued in several tens of hours, in which 

larger crystals grew further and smaller crystals disappeared.115  

In the case of the SVA process on C8-BTBT and PMMA, C8-BTBT is known 

Figure 3.3 (a) Schematic illustration of supposed SVA mechanism. (b,c) Optical (b) 

and polarized optical (c) images of C8-BTBT single crystals after SVA for 15 h and 

20 min, where concentrations of C8-BTBT and PMMA in mixed solution are 1 wt.% 

and 1 wt.% respectively. 
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to recrystallize into single crystals with a rod-like shape.48,114,115 Figure 3.3b,c shows 

optical microscope (OM) and polarized optical microscope (POM) images of typical 

C8-BTBT crystals after SVA for 15 h. As shown in the optical image, C8-BTBT 

formed single crystals with several tens to several hundreds of micrometers in lateral 

length and several hundreds of nanometers in thickness. In the OM image, the 

difference of crystal color means that of crystal thickness by interference. In the POM 

image, on the other hand, the difference of crystal color means that of molecular 

orientation direction. In Figure 3.3c, crystal colors were uniform within each crystal. 

In addition, the color of each crystal with the same direction was the same: crystals 

along a longitudinal direction were bright white-colored, while those along a lateral 

direction were extinct blue-colored. These results suggested that each crystal was 

single-crystalline and had the same orientation. Liu and Kumatani et al. found these 

crystal rods were [100]-directed on the basis of an angle of 106° in one end.48,114 Thus, 

[100]-directed C8-BTBT single crystals could be fabricated via SVA. 

In this study, I also investigated on the SVA processes of C6-BTBT, C10-BTBT 

and C12-BTBT, where the length of alkyl chains (C6-, C10-, and C12-) was different 

from C8-BTBT. Figure 3.4 shows optical images of three cases on a PMMA layer after 

SVA for one night. The shapes and sizes of grown crystals were different in each 

scheme. In the case of C6-BTBT, there occurred no recrystallization during SVA 

because of high solubility of C6-BTBT in chloroform. On the other hand, C10-BTBT 

molecules and C12-BTBT molecules recrystallized into single crystals with several 

tens of micrometers. Their crystal shapes were different from that of C8-BTBT, 

reflecting different molecular packing structures of C8-BTBT, C10-BTBT and C12-

BTBT. In those cases, however, crystals were too small to bridge over the channel of 

50 m. Therefore, I examined application of electric field only in the case of C8-BTBT 

in the following section. 
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Figure 3.4 Optical images after SVA for one night in three different processes. These 

films were fabricated before SVA by spin-coating of mixed solution of 1 wt.% C6-

BTBT and 1 wt.% PMMA (a), 1 wt.% C10-BTBT and 1 wt.% PMMA (b), and 

saturated (<1 wt.%) C12-BTBT and 1 wt.% PMMA (c). 
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3.3.2 Application of electric field on PMMA-on-Au configuration 

 Next, I will discuss effects of application of electric field on the first 

configuration: PMMA-on-Au configuration. The schematic illustration and results are 

summarized in Figure 3.5. In this process, the C8-BTBT/PMMA double layer was 

fabricated on the substrate on which Au electrodes had been deposited beforehand. 

Then, this double layer was exposed to saturated chloroform vapor in a Petri dish at 

room temperature in an SVA procedure (Figure 3.5a). After 40 min many rod-like 

crystals with a length of about 50 m were formed via Ostwald ripening as shown in 

Figure 3.5b. The grown crystals on the channel have longer length than those formed 

on the electrodes. The large surface energy density of the electrodes attracted a lot of 

amount of chloroform. Therefore, the concentration of C8-BTBT in a chloroform 

liquid layer was decreased and the growth on the electrodes decelerated. Figure 3.5c 

shows the angular distribution of crystal orientation of crystals in the channel as a 

Figure 3.5 (a) Schematic illustration of the PMMA-on-Au configuration process. (b) 

Optical microscope images of C8-BTBT single crystals after 40 min SVA under no 

electric field. (c) Distribution of crystal-alignment as a function of 𝜃 after 40 min 

SVA under no electric field. 
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function of 𝜃, the angle between the C8-BTBT rod-crystal and the electrode edge. On 

this PMMA-on-Au configuration, the surface of the PMMA layer was smooth between 

the channel and electrodes, where the topographical steps of electrode’s edge had no 

influence on the crystal orientation. As a result, the histogram for 44 crystals revealed 

random orientation under the absence of electric field.  

 On the other hand, in the case of application of dc electric field crystals showed 

a different behavior. The electric field was applied 3 min after the SVA process started. 

Figure 3.6 shows the results of application of electric field, where the left and right 

electrodes were set at -60 V and 0 V so that the direct-current (dc) electric field 

intensity was 1.2×106 V/m (channel length was 50 m). The electric-field-assisted 

SVA process was performed for 40 min just like the case of no field. Figure 3.6a was 

an optical image taken after the completion of the SVA process. The crystals had the 

same rod-like form as those grown under the absence of electric field. However, crystal 

orientation in a channel region aligned approximately along the direction of electric 

field. The polarized microscope image in Figure 3.6b shows the same color of all 

crystals in the channel. In the histogram shown in Figure 3.6c, more than 70% crystals 

were revealed to exist in the range of 𝜃 from 80° to 90°. This result indicated clearly 

that the electric field worked on the growing crystals to align their orientation in the 

Figure 3.6 (a,b) Optical (a) and polarized optical (b) microscope images of C8-BTBT 

single crystals after 40 min SVA under 1.2×106 V/m dc electric field. (c) Distribution 

of crystal-alignment as a function of 𝜃 after 40 min SVA under 1.2×106 V/m dc 

electric field. 
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channel. 

 To elucidate the effect of electric field, we observed the growth process by real-

time optical microscopy. Figure 3.7 shows the sequential in-situ optical microscope 

images during the electric-field-assisted SVA process, which were cut from the movie 

which was recorded during the SVA process under 1.2×106 V/m (60 V/50 m). In 1-2 

min after exposing chloroform vapor to the C8-BTBT/PMMA double layer, C8-BTBT 

nuclei as white dots appeared throughout on the substrate (Figure 3.7a). Electric field 

was applied 3 min after the SVA process began: the left and right electrodes were set 

at 0 and +60 V respectively. After the application, the crystals in the channel moved 

from the cathode (left) to the anode (right) in approximately 30 s (Figure 3.7b). Then 

the larger crystals grew further and the smaller crystals shrank via Ostwald ripening. 

During this ripening process, crystals simultaneously rotated their directions along the 

field (Figure 3.7c-f). In these figures, the color contrast around the crystals means 

interference fringe of the solvent which was more likely to stick to the larger crystals. 

Figure 3.7 In-situ optical microscope images during electric-field-assisted SVA 

process. In initial 3 min, no electric field was applied (a). Then 1.2×106 V/m dc field 

was applied (b-f). 
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In this way, real-time observation revealed two kinds of effects of electric field: 

movement from the cathode to the anode (in 30 s) and rotation along the applied field 

(in 30 min or further). A similar movement was also observed for applied voltages 

ranging from 30 to 90 V (electric field from 6×105 to 18×106 V/m; Figure 3.8). 

Decrease of the applied voltage, however, needed longer time to complete the crystal 

alignment. Thus the applied voltage was set at 60 V in the following experiment. In 

this study, I also performed the case of alternating-current (ac) electric field. In that 

case, C8-BTBT crystals swung between the two electrodes according to the frequency 

of electric field during the SVA growth. In this process, the longer crystals tended to 

keep their orientation parallel to the field, while the shorter crystals rotated randomly 

probably because of the fluid resistance. 

  

  

Figure 3.8 In-situ optical microscope images of C8-BTBT crystals under electric 

field of 6×105 V/m (a) and 18×105 V/m (b). 
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On the basis of the above results, I will discuss the mechanism of the movement 

under electric field. The crystals seemed to feel two kinds of forces causing 

displacement (lateral movement) and rotation. 

 With respect to the displacement, I observed that the growing crystals moved 

from the cathode to the anode when the electric field was applied (Figure 3.7a,b). They 

behaved as if the negatively-charged crystals, although the intrinsic C8-BTBT itself 

was neutral. As mentioned in Chapter 2, a similar electrification of organic crystals in 

solution was observed in some kinds of organic crystals such as pentacene (Chapter 2) 

and rubrene.62 Such electrification would be explained by contact electrification 

between substances and surrounding solvent. It is empirically known as Coehn’s rule 

that the intrinsically neutral substances are charged when they contact with another 

materials, including solvents, with different dielectric constant.99 This rule states the 

material with larger (smaller) dielectric constant would be positively (negatively) 

charged. Although the dielectric constant of C8-BTBT was yet to be reported, those of 

organic semiconductors (4.0 of pentacene100 and 4.4 of C60
119) lie between that of 

PMMA (2.3)118 and that of chloroform (4.8)103. This fact suggests the negative-charge 

electrification of C8-BTBT crystals was driven by the interaction between C8-BTBT 

and chloroform rather than that between C8-BTBT and PMMA. 

 Next, the rotation of the growing crystals will be discussed. As shown in Figure 

3.7b-f, the growing crystals in the channel gradually rotated toward the direction of 

electric field. Such orientation alignment by electric field has been observed in 

inorganic nanowires69,70 and organic crystals.62,120 In Chapter 2, the degree of 

orientation of pentacene crystals was revealed to have a strong dependence on their 

aspect ratio (length ratio of long axis to short one). In that study, the torque effectively 

worked on the crystals with the aspect ratio rather than 1.5. In the present study, SVA-

processed C8-BTBT single crystals grew into a rod shape with the direction of the 

[100] axis, increasing its aspect ratio up to 10. The large aspect ratio helped much the 

rotation of crystals toward the direction of electric field. 
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There seemed to be one assumption that anisotropy of the dielectric constant 

might also align the crystal orientation. Although the dielectric constant of C8-BTBT 

has not been known yet, it is expected not to be large from the case of rubrene crystal 

with a similar herring-bone crystal structure: dielectric constants of 2.55, 2.83 and 3.12 

along the a, b and c axis, respectively.102 Judging from the facts that the degrees of 

orientation depended strongly on the aspect ratio for the pentacene case and the 

dielectric-polarization-induced alignment has also been observed in isotropic silicon 

nanowires70, the interaction between the electric field and the dielectric polarization 

was dominantly contributed to the crystal rotation. 

The static electrophoresis and the electric-field-induced dipole moment thus 

contributed to the displacement and rotation of C8-BTBT crystals. On the basis of 

these two forces, crystals could be aligned and bridged two Au electrodes. These 

electrodes for the generation of electric field could be also utilized for FET 

measurement. FET performance of the as-grown crystals were investigated by using 

these two electrodes as source/ drain electrodes. Figure 3.9 are an output characteristic 

and a transfer characteristic of grown crystals in the channel, showing a successful 

FET behavior with applied gate voltage. Thus, single-crystal FETs could be fabricated 

through the above procedure. 

Field-effect mobility on the present PMMA-on-Au configuration was, however, 

as small as about 0.01 cm2/Vs. So far, the high mobility of more than 1 cm2/Vs was 

already reported in the SVA-grown C8-BTBT crystals along the rod direction. The 

direction of the grown rods was parallel to the [100] axis of C8-BTBT crystal, which 

would be good for charge transport. In this study non-ohmic feature in a small-drain-

voltage region in the output characteristics suggested a large contact resistance at the 

C8-BTBT/electrode interface (Figure 3.9a), probably arising from the remaining 

PMMA layer between the C8-BTBT crystal and the Au electrodes. Therefore, the 

device configuration should be improved further as the following section. 
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Figure 3.9 Output (a) and transfer (b) characteristics of C8-BTBT single-crystal FET 

formed on PMMA-on-Au configuration (W/L is about 3.5). 
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3.3.3 Application of electric field on Au-on-PMMA configuration 

 In a PMMA-on-Au configuration, the remaining PMMA layer between C8-

BTBT crystals and Au electrodes caused poor charge injection and poor field-effect 

mobility. To improve the contact between C8-BTBT crystals and Au electrodes, I 

investigated on another configuration: Au-on-PMMA configuration as shown in 

Figure 3.10a. In this process, a C8-BTBT layer and a PMMA layer were fabricated 

separately. PMMA solution in chlorobenzene was firstly spin-coated on an SiO2/Si 

substrate. Then, Au electrodes with 35 nm thickness were deposited on it through 

vacuum deposition. Subsequently, C8-BTBT solution in toluene was spin-coated. 

Finally, this substrate was exposed to the chloroform vapor at room temperature in the 

SVA procedure. 

Figure 3.10 (a) Schematic illustration of the Au-on-PMMA configuration process. 

(b) Optical microscope images of C8-BTBT single crystals after 60 min SVA under 

no electric field. (c) Distribution of crystal-alignment as a function of 𝜃 after 60 min 

SVA under no electric field. 
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 Figure 3.10b shows an optical image of C8-BTBT crystals in the channel after 

60 min SVA under no electric field. Rod-like C8-BTBT crystals were formed only in 

the channel region, the surface of which was covered with PMMA. On the Au 

electrodes, on the other hand, nuclei with length of several micrometers once appeared 

and did not grow further due to the absence of PMMA which could assist the C8-BTBT 

molecules’ self-assembly. The rod-like crystals in the channel tended to grow along 

the electrode edge. As shown in the histogram in Figure 3.10c, 45% of crystals aligned 

in the range of 𝜃 less than 10°. These results contradict the previous PMMA-on-Au 

configuration, where the crystals were randomly oriented (Figure 3.5). This difference 

might be caused by the wettability difference of C8-BTBT between the channel 

(PMMA) and the electrodes (Au).48 Besides, the Au electrodes deposited on the 

PMMA surface worked as a topographical barrier for the growing crystal to ride on. 

Thus, C8-BTBT crystals longer than the channel length rotated parallel to the electrode 

edge on the Au-on-PMMA configuration. 

Figure 3.11a shows an optical image after 60 min SVA under 1.2×106 V/m dc 

electric field. Under electric field, the growing crystals tended to align along the 

electric field like those observed on the PMMA-on-Au configuration. The crystals 

Figure 3.11 (a) Optical microscope images of C8-BTBT single crystals after 60 min 

SVA under 1.2×106 V/m dc electric field. (b) Distribution of crystal-alignment as a 

function of 𝜃 after 60 min SVA under 1.2×106 V/m dc electric field. 



 Chapter 3. 
Application of Electric Field during Solvent Vapor Annealing 

53 

 

firstly moved from the cathode to the anode and rotated toward the direction of the 

field. As shown in the histogram (Figure 3.11b), 35% of crystals were aligned in the 

region of 80-90°. The degree of alignment was smaller than that on the PMMA-on-Au 

configuration. As mentioned above, there was a wettability difference and a 

topographical step at the electrode/channel interface, which prevented some of the 

crystals from rotating further. Nevertheless, most of crystals successfully rode on the 

Au electrodes and formed a single-crystal FET structure. 

Under the ac electric field on the Au-on-PMMA configuration, however, such 

FET structure could not be formed. This is because the vibration of crystals between 

the two electrodes moved the crystals away from the electrode and prevented 

themselves from riding on the steps at the channel/electrode interface. 

 Figure 3.12 summarizes FET measurement after the electric-field-assisted SVA 

on the Au-on-PMMA configuration. As the optical images of three devices in Figure 

3.12a-c, C8-BTBT single crystals directly rode on the two Au electrodes and bridged 

them. FET measurement was performed on each as-grown crystal. In output curves in 

Figure 3.12 d-f, a good saturated behavior was observed unlike the previous PMMA-

on-Au configuration. The calculated values of field-effect mobility and threshold 

voltage were described in Figure 3.12a-c. The mobility ranged from 0.85 to 1.9 cm2/Vs 

and the threshold voltage ranged from -17 to -32 V. 

The calculated mobility was as high as around 1 cm2/Vs, but it was smaller than 

that reported for the SVA-grown C8-BTBT FETs (average 3.0 cm2/Vs).114 In that study, 

the top-contact Au electrodes were used, which realized good charge injection. In 

addition, a MoO3 layer was inserted between C8-BTBT and electrodes to decrease the 

contact resistance further. In the present study, on the other hand, FET measurement 

was performed on as-grown crystals and the remaining impurities and PMMA were 

likely to deteriorate the performance. Indeed, the devices 2 and 3 in Figure 3.12 

showed the inferior output characteristics suggesting a large contact resistance. Further 

study on the modification of the contact might improve the mobility. The key issue of 

the present study is, however, that the electric-field-assisted SVA process 
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automatically aligned the C8-BTBT crystal between two electrodes and its mobility 

exceeded 1 cm2/Vs without any treatment after the growth process. 

 

  

Figure 3.12 FET characteristics of C8-BTBT single-crystal FETs formed on Au-on-

PMMA configuration. Optical images (a-c), output curves (d-f) and transfer curves 

(g-i) of device 1 (a.d.g), device 2 (b,e,h), and device 3 (c,f,i). 



 Chapter 3. 
Application of Electric Field during Solvent Vapor Annealing 

55 

 

3.4 Conclusion 

 In this chapter, I achieved to control the placement and orientation of C8-BTBT 

single crystals with the use of an external electric field during SVA. Throughout this 

study, the SVA-growing crystals responded to the field and behaved like a negatively 

charged substance. Adjusting the intensity of electric field could place the rod-like 

crystals just bridging over the two electrodes. On the PMMA-on-Au configuration, the 

C8-BTBT crystals could be highly aligned according to the electric field, although 

there remained a PMMA layer between a C8-BTBT crystal and Au electrodes. The 

large contact resistance could be improved by modification of the configuration as the 

Au-on-PMMA configuration. On this configuration, the as-grown crystals showed a 

good FET performance. Application of electric field to SVA thus proved a promising 

way for facile fabrication of high-mobility C8-BTBT FETs and its array. 
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Chapter 4. Light Irradiation on C8-BTBT FETs 

4.1 Introduction 

 In Chapter 4, I investigated on an effect of light irradiation as an external field 

on the performance of dioctyl-benzothienobenzothiophene (C8-BTBT) FETs after 

fabrication. As compared with other external fields like electro-magnetic field, light 

irradiation is a simply controllable method, because it can be applied with fine spatial 

and energetic resolution. So far, the light irradiation was used in various ways for 

OFET fabrication. For example, morphological change of organic films was observed 

through photo-excited migration or polymerization of molecules.121–123 Ichikawa et al. 

observed a uniaxial crystal growth along the desired direction using polarized laser 

light.64 Uchida et al. observed light-induced crystal crawling by combining two light 

sources for cis/trans and trans/cis isomerizations.124 In addition, Pithan et al. achieved 

selection of crystal polymorphs by light-induced control of cohesive energy of a 

certain crystal phase.65 

In addition to the above methods, light-induced modulation of FET performance 

after fabrication was also found effective in OFETs. The well-known modulation was 

based on photochromism, where photo-responsive molecules changed their chemical 

structure under exposure to light.125 For example, azobenzene has cis/trans 

isomerization, spiropyran has non-ionic/ionic isomerization, and diarylene has 

open/closed-ring isomerization.125 In those schemes, the modulation of current was 

achieved by photo-induced doping, improvement of charge-injection efficiency, and 

change of dielectric capacitance.71–79 On the other hand, the modulation of current 

without such photochromic molecules was also reported by several groups.80–88 In 

those studies, the modulation was achieved by excitation of charge-carriers or 

excitation of semiconductor/dielectric interfacial traps, which resulted in a threshold-

voltage shift or an off-current increase. 

So far, however, the modulation of intrinsic field-effect mobility has not been 
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achieved by light irradiation. As the field-effect mobility is a key parameter for its 

performance, enhancement of mobility would make a great improvement of OFET 

application. In this study, I investigated on the post-fabrication light-induced mobility 

enhancement of C8-BTBT FETs. The light was irradiated on FETs on various device 

configurations in various conditions. Then, the mobility enhancement was observed 

on the pre-annealed C8-BTBT/PMMA double-layered FETs in the ambient or oxygen 

atmosphere. Throughout this study, light irradiation was found effective to induce 

mobility enhancement of OFETs. 
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4.2 Experimental 

 The process was schematically illustrated in Figure 4.1. Firstly, the SiO2/Si 

substrate (n-type, the oxide layer has 300 nm thickness) was cleaned by ozone gas at 

50 °C for 10 min in a UV/ozonizer (UV-1, Samco). Then, a double layer of dioctyl-

benzothienobenzothiophene (C8-BTBT) (Figure 4.1a) and PMMA (poly-(methyl 

methacrylate)) was formed in a similar way with Chapter 3. C8-BTBT powder was 

purchased from Sigma-Aldrich and PMMA powder was purchased from Tokyo 

Chemical Industry (M0088; Mw = 13500-14000), and they were dissolved in 

chlorobenzene. The concentration of C8-BTBT was 0.5 wt.% and that of PMMA was 

1.0 wt.%. The double layer was automatically formed by spin-coating of this mixed 

solution at 2000 rpm for 40 s.117 After that, this substrate was placed on a hotplate 

which was pre-heated at 130 °C, and it was cooled down by -2 °C/min. During this 

pre-annealing process, the C8-BTBT film (melting point is about 127 °C) once melted 

and recrystallized into a thin-film form with large domains of several hundreds of 

micrometers. Then, Au electrodes with 20 nm thickness was deposited through a 

shadow mask in vacuum. Finally, a light irradiation process was performed under the 

ambient atmosphere in a chamber using a metal-halide lamp (LA-80MT, Hayashi 

Watch-Works Co.,Ltd.). The wavelength of this metal-halide lamp has broad 

distribution ranging from 380 to 760 nm and sharp strong peaks at 410, 440, 550 and 

580 nm (Figure 4.1c). During the irradiation, FET measurement on transfer 

characteristic was performed at a given interval. 

FET measurement of all fabricated devices was performed at room temperature 

using a couple of picoammeter/voltage sources (model 6487, Keithley). Source and 

drain terminals were connected to Au electrodes, and a gate terminal was connected to 

the silicon substrate. Field-effect mobility and threshold voltage were evaluated in the 

saturation region in the similar way as Chapter 2, where gate insulator capacitance was 

evaluated as 8.59 nF/cm2 by combining SiO2 capacitance (SiO2 = 3.9, d = 300 nm) and 

PMMA capacitance (PMMA = 2.3118, d = 60 nm (AFM)). As there appeared large 
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hysteresis during the forward/backward scan, the mobility and threshold voltage were 

calculated by taking an average of values which were measured in each scan. 

 

  

Figure 4.1 (a) Chemical structure of C8-BTBT. (b) Schematic illustration of the 

process. (c) Optical output spectrum of metal-halide lamp (LA-80MT, Hayashi 

Watch-Works Co.,Ltd.), reprinted by permission from Hayashi Watch-Works 

Co.,Ltd. 

(c) 
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Figure 4.2 (a,b) Photograph (a) and corresponding schematic illustration (b) of light-

irradiation system. 

 



 Chapter 4. Light Irradiation on C8-BTBT FETs 

61 

 

4.3 Results and discussion 

4.3.1 Effects of pre-annealing 

 Firstly, effects of pre-annealing of a C8-BTBT/PMMA double layer will be 

discussed. Figure 4.3 summarizes the polarized optical microscope (POM) images 

before/after pre-annealing. Before the pre-annealing process, an as-spin-coated film 

had a polycrystalline structure, where the film was composed of randomly oriented 

small domains with about ten micrometers (Figure 4.3a). Liu et al. found that the 

difference of surface tensions of C8-BTBT and PMMA induced the formation of 

double-layered structure where a C8-BTBT layer rode on a PMMA layer.117 During 

the formation of this double layer, homogenous nucleation of C8-BTBT occurred 

everywhere on the surface, resulting in many small grains with random orientations. 

When the pre-annealing procedure was performed on this double-layered film, 

C8-BTBT formed large domains with several hundreds of micrometers. In the pre-

annealing process, the C8-BTBT film (melting point is about 127 °C) was annealed 

at 130 °C. Then, the film once melted in an isotropic liquid phase and recrystallized. 

During the recrystallization, C8-BTBT molecules were solidified from the edge of the 

substrate at which the surface temperature is lower than that at the center of the 

substrate. So far, similar recrystallization processes of C8-BTBT have been performed 

by several groups.27,126,127 Especially, intentional control of the solidification direction 

Figure 4.3 Polarized optical images of before (a) and after (b,c) pre-annealing of C8-

BTBT/PMMA double layer (a,b) and only C8-BTBT layer (c). Concentrations of C8-

BTBT and PMMA in (a,b) are 0.5 wt.% and 1 wt.% respectively, and that of C8-

BTBT in (c) is 0.5 wt.%. 
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was achieved using a temperature gradient on the substrate.126,127 In those conventional 

studies, however, the solidification was performed on an SiO2 substrate without a 

PMMA layer. As there was a large difference of thermal contraction between C8-

BTBT and SiO2, many cracks were formed during the cooling procedure (Figure 4.3c). 

These cracks were so deep that they reached the surface of SiO2 substrate and the 

calculated field-effect mobility perpendicular to the cracks were very poor. Thus, such 

cracks should be reduced for practical application.  

In this study, to prevent the crack formation in a C8-BTBT film, a PMMA layer 

was used as a buffer layer to relax the thermal contraction between C8-BTBT and SiO2. 

As a result, the size and depth of cracks were drastically reduced after pre-annealing 

(Figure 4.3b). Figure 4.4 summarizes the effects of pre-annealing on the double layer 

which was formed by spin-coating of mixed solution of C8-BTBT and PMMA of 

various concentrations. As shown in this figure, too low concentration of C8-BTBT or 

Figure 4.4 Optical images after pre-annealing of C8-BTBT/PMMA double layer 

which was formed by spin-coating of mixed solution of various concentrations. 
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PMMA caused aggregation of C8-BTBT film. When the C8-BTBT concentration was 

decreased to 0.25 wt.%, quantity of C8-BTBT molecules was insufficient for keeping 

a thin film structure (Figure 4.4e). When the concentration of PMMA was decreased 

to 0.5 wt.%, C8-BTBT molecules’ movement was insufficiently assisted by the PMMA 

layer during solidification (Figure 4.4b). On the other hand, too much concentration of 

C8-BTBT or PMMA caused cracks in the pre-annealed C8-BTBT film. In both cases, 

the relaxation effects of the PMMA layer did not balance with the thermal contraction 

in the C8-BTBT film. Thus, concentrations of C8-BTBT and PMMA were optimized 

as 0.5 wt.% and 1.0 wt.% respectively. 

 Figure 4.5b-d show the results of FET measurement of pre-annealed C8-

BTBT/PMMA double-layered film with top-contact Au electrodes. Typical output and 

transfer characteristics were shown in Figure 4.5b,c and the plots of mobility as a 

function of threshold mobility were shown in Figure 4.5d. Average field-effect 

mobility and threshold voltage were calculated as 2.1±0.6 cm2/Vs and -46±3 V, and 

maximum mobility was calculated as 3.2 cm2/Vs. As compared with the case of as-

spin-coated film which had mobility of 0.2-0.8 cm2/Vs, the present mobility was 

enhanced about four times by pre-annealing. Such mobility enhancement was caused 

by the expansion of crystalline domains after pre-annealing. The mobility values were 

almost equal to the conventional case where an only C8-BTBT film without a PMMA 

layer was annealed on the SiO2/Si substrate. In my case, however, the values of 

mobility had small variation compared with the conventional case thanks to the drastic 

reduction of crack formation in the C8-BTBT film. With respect to the threshold 

voltage, on the other hand, the calculated values were large. Since the values of 

threshold voltage were almost equal to that of the as-spin-coated film, these large 

values were supposed to be caused by charge-traps at the C8-BTBT/PMMA interface.  
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Figure 4.5 (a) Typical polarized optical image of FET with large crystalline domains 

after pre-annealing. Typical output (b) and transfer (c) characteristics, and plots of 

field-effect mobility as a function of threshold voltage (d) after pre-annealing of C8-

BTBT/PMMA double layer. 
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4.3.2 Effects of light irradiation 

 Next, effects of light irradiation on the C8-BTBT/PMMA double layer will be 

discussed. In this process, the double-layered FETs with top-contact Au electrodes (20 

nm) were irradiated by a metal-halide lamp in the ambient atmosphere in a chamber, 

where illuminance was about 1700 lx (1700 lm/m2). During the irradiation, transfer 

characteristics at VD = -50 V were measured per 1 h. 

Figure 4.6 shows the typical results of the transfer characteristic measurement 

during the series of the irradiating process. The transfer curves in all cases, especially 

under light irradiation, showed hysteresis during the forward/backward scan. Thus, the 

mobility and threshold voltage were calculated by taking an average of values which 

were measured in the forward/backward scan. Firstly, the transfer measurement was 

performed in the dark in vacuum beforehand (Figure 4.6a). Then, the vacuum 

atmosphere was converted to the ambient atmosphere and light irradiation began. 

When the light was irradiated in the ambient atmosphere, there appeared large 

hysteresis on the characteristic curve (Figure 4.6b). According to the occurrence of the 

hysteresis, threshold voltage was reduced (-46 V to -39 V). Field-effect mobility, on 

the other hand, was almost consistent (2.5 cm2/Vs to 2.5 cm2/Vs). Then, light 

irradiation continued for 66 h. Figure 4.6c shows a transfer characteristic measured at 

t = 66 h. During the irradiation, the maximum amount of the current at VG = -70 V 

increased further, and mobility was also drastically improved (2.5 cm2/Vs to 8.6 

cm2/Vs). At this time, threshold voltage was also shifted further (-39 V to -27 V). After 

that, the ambient atmosphere was converted to vacuum again, and transfer 

measurement was performed in the dark in vacuum (Figure 4.6d). Under the vacuum 

atmosphere, the hysteresis was vanished and threshold voltage was also restored (-27 

V to -41 V). In contrast to the threshold voltage restoration, high mobility was 

maintained in vacuum (8.6 cm2/Vs to 9.6 cm2/Vs). The series of the above experiment 

indicate that the observed mobility enhancement was not a temporal phenomenon but 

an intrinsic one. 
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Figure 4.6 Transfer characteristics measured during the series of light irradiation 

process. (a,d) Characteristics measured in the dark in vacuum before (a) and after (d) 

for 66 h. (b,c) Characteristics measured in the ambient atmosphere during irradiation 

at t = 1 h (b) and 66 h (c). W/L of the device was 1.65. 
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 Output characteristic was also measured before and after the irradiation in 

vacuum as shown in Figure 4.7. In both cases, a good saturation behavior was observed 

and the amount of the current was drastically improved after light irradiation (Figure 

4.7a,b). In addition to the increase of the current, a different behavior was also 

observed in a small VD region in output curves (Figure 4.7c,d). In these figures, the 

offset drain voltages were indicated by extrapolation of the red dashed lines. This non-

linear feature comes from charge-injection limiting at the semiconductor/electrodes 

interface.128 Therefore, a transition of the offset value from a plus region to a minus 

one suggested a change of the energetic barrier at the C8-BTBT/electrode interface. 

  

Figure 4.7 Output characteristics measured in the dark in vacuum before (a,c) and 

after (b,d) the light irradiation. These were the same device with the case in Figure 

4.6 (W/L was 1.65). (c) and (d) shows small VD regions in (a) and (b) respectively. 

Red dashed lines in (c) and (d) indicate extrapolation of offset drain voltage. 
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Figure 4.8 shows time dependences of four devices under light irradiation on 

three parameters: mobility as raw data, mobility standardized by an initial value, and 

threshold voltage as raw data. As shown in Figure 4.8a, mobility was enhanced and 

saturated up to as high as 8-12 cm2/Vs in tens of hours. The standardized values 

indicate the mobility of each device was enhanced by four times from its initial value 

(Figure 4.8b). Although the enhancement ratio was roughly constant, the saturation 

time of each device was different. With respect to threshold voltage, the voltage value 

was firstly dropped in the initial several hours and was gradually decreased in the 

subsequent tens of hours (Figure 4.8c). The behavior of decreasing of threshold voltage 

was supposed to be caused by the inducement of traps by light irradiation. 

In this study, I also used room light (fluorescent lamp; 700 lx) for irradiation 

instead of the metal-halide lamp. In that case, similar behaviors of mobility 

enhancement and threshold-voltage shift were observed. Such change in FET 

performance seems to occur in various kinds of lamps other than the metal-halide lamp.  
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Figure 4.8 Time dependence during light irradiation of mobility (a), standardized 

mobility (b) and threshold voltage (c) of four devices. 
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4.3.3 Conditions to induce mobility enhancement 

To understand conditions for mobility enhancement, detailed investigations 

were performed. At first, light was irradiated on various kinds of devices. Figure 4.9a,b 

show the results of time dependence of mobility under light irradiation on an as-spin-

coated C8-BTBT/PMMA double-layered FET and as-spin-coated C8-BTBT FET. In 

both cases, mobility was not enhanced by light irradiation. I also investigated the time 

dependence on a pre-annealed C8-BTBT FET. In that case, there appeared a too large 

hysteresis to estimate mobility during the irradiation. After the irradiation, FET 

measurement on that device was performed in vacuum but no significant change was 

observed. Thus, both of the underlying PMMA layer and pre-annealing procedure 

seemed essential for mobility enhancement. 

Here, the above results gave rise to another assumption that the dielectric 

Figure 4.9 Time dependence of mobility under light irradiation on as-spin-coated 

C8-BTBT/PMMA double-layered FET (a), as-spin-coated C8-BTBT FET (b), and 

deposited-pentacene/pre-annealed-PMMA double-layered FET (c).  
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capacitance of the pre-annealed PMMA layer had changed during the light irradiation. 

To investigate this assumption, I also measured time dependence of a 

pentacene/PMMA FET where a pentacene layer was deposited on a pre-annealed 

PMMA layer. However, no current enhancement was observed (Figure 4.9c). This 

result means that the dielectric capacitance of the PMMA layer did not change during 

the irradiation. Thus, mobility enhancement was observed only in the case of a pre-

annealed C8-BTBT/PMMA double layer. In the following, the environments for 

mobility enhancement were investigated on this device structure. 

Figure 4.10 summarizes the time dependences of field-effect mobility of four 

FETs in various environments. Firstly, the pre-annealed C8-BTBT/PMMA double-

layered FET was put into the dark/air environment. In that case, the mobility was 

Figure 4.10 Time dependences of field-effect mobility on four FETs (pre-annealed 

C8-BTBT/PMMA double-layered). Each FET was measured in the dark in air (a), 

under light irradiation in vacuum (b), under irradiation in nitrogen atmosphere (c), 

and under irradiation in oxygen atmosphere (d). 
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constantly decreased (Figure 4.10a). This result indicated that the light irradiation was 

essential for the mobility enhancement. The light irradiation was performed on other 

three FETs in various atmospheres: vacuum, nitrogen gas (1 atm) and oxygen gas (1 

atm). As shown in Figure 4.10b-d, mobility had no significant change in vacuum and 

the nitrogen atmosphere, while it was improved in the oxygen atmosphere. These 

results suggested the interaction between light and oxygen was a key factor for the 

mobility enhancement. 

The mobility durability after enhancement was also investigated. Figure 4.11 

shows time dependences of four FETs after the saturation of mobility enhancement in 

the ambient (a), vacuum (b), nitrogen (c), and oxygen (d) atmospheres. In all cases, 

mobility was once rapidly enhanced in several hours after the lamp was turned off. 

This enhancement was caused by cancellation of hysterisis during measurement. After 

that, in the case of the ambient atmosphere, the mobility was rapidly decreased in tens 

of hours (Figure 4.11a). When the lamp was turned on again after the decrease of 

mobility, the mobility was immediately restored. On the other hand, the mobility was 

not decreased after turning off the lamp in vacuum, nitrogen, and oxygen atmospheres 

(Figure 4.11b-d). The decrease of mobility in the ambient atmosphere was supposed 

to be caused by impurities in air such as water molecules, which would be removed by 

excitation under subsequent light irradiation. Thus, the enhanced mobility was 

revealed to be maintained in the proper atmosphere.  

Throughout the all investigations, the mobility enhancement occurred on pre-

annealed C8-BTBT/PMMA double-layered FETs, where both of pre-annealing 

procedure and a C8-BTBT/PMMA double-layered structure were key factors for the 

device preparation. In this scheme, the light irradiation or the oxygen atmosphere were 

also found essential for the enhancement. In addition, the mobility value after the 

enhancement was found to be maintained in the proper atmospheres. This result 

suggests the improved FETs will be applied for practical devices with a protective coat 

against the ambient atmosphere. 
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Figure 4.11 Time dependences of mobility on pre-annealed C8-BTBT/PMMA 

double-layered FETs. These FETs were exposed to various atmospheres after the 

saturation of mobility enhancement. Each device was exposed to air (a), vacuum (b), 

nitrogen (c), and oxygen (d) atmospheres, respectively. 
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4.3.4 Characterization of film before/after irradiation 

 To investigate a mechanism of mobility enhancement, various film 

characterizations were performed. Firstly, out-of-plane and in-plane X-ray difraction 

(XRD) measurement were carried out to elucidate the influence of irradiation on the 

crystallinity of C8-BTBT film (Figure 4.12). In the out-of-plane measurement (Figure 

4.12a), there appeared three peaks around 3°, 6° and 9° in all cases of as-spin-coated 

(1), as-pre-annealed (2) and light-irradiated (3) films. These peaks were ascribed to the 

diffractions from (001) plane, (002) plane and (003) plane of C8-BTBT crystal 

lattice respectively.90,129 In the in-plane measurement, there also appeared three peaks 

at 18° , 22°  and 27°  which were ascribed to the diffractions from (110)  plane, 

(020) plane and (120) plane of C8-BTBT crystal lattice.90,129 The difference of 

intensity ratio was due to the uniaxially directional recrystallization during the pre-

annealing procedure. Another peak at 38° in the in-plane pattern was ascribed to the 

diffraction from (111) plane of Au electrodes. Throughout these measurement, all 

the observed peaks suggested that C8-BTBT molecules were “standing” (c-axis was 

perpendicular to the substrate) on the substrate, and no peak was observed suggesting 

molecules were “lying” (c-axis was parallel to the substrate). Table 4.1 summarizes 

the measured peak positions of (003) plane, (020) plane and (120) plane of C8-

BTBT crystal lattice, and calculated crystallographic parameters of a axis, b axis and 

interlayer distance d. Here, as the (120) peak had small intensity, the values of 

(120) peak position and a axis distance had small significant figures. As shown in 

this table, there was no significant change in crystallographic parameters during the 

series of procedures of spin-coating, pre-annealing and light irradiation. 
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Table 4.1 Crystallographic parameters calculated from XRD measurement.  

Figure 4.12 Out-of-plane (a) and in-plane (b) X-ray diffraction (XRD) pattern of as-

spin-coated (1), as-pre-annealed (2), and light-irradiated (3) C8-BTBT/PMMA 

double-layered films. All films except for (a-1) had Au electrodes on their surface. 

Film in (a-1) had no Au electrodes on its surface. 
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Next, Raman scattering spectra of C8-BTBT/PMMA double layer were 

obtained. Figure 4.13 shows the Raman spectra of as-spin-coated (1), as-pre-annealed 

(2) and light-irradiated (3) films in addition to the spectra of drop-cast C8-BTBT film 

(a) and as-spin-coated PMMA film (b) as reference. In the spectra of (1)-(3), scattering 

from both of C8-BTBT molecules and PMMA molecules was observed, which is 

consistent with the previous study on Raman spectroscopy on the C8-BTBT/PMMA 

double-layered film.130 Although the mobility enhancement occurred only in the 

ambient or oxygen atmospheres, the evidence of oxidization of C8-BTBT molecules 

could not be observed in these Raman spectra. However, only in the case of (2) and 

(3), there appeared a strong peak at 1600 cm-1. In the case of a pentacene thin film, it 

is well-known that a peak around 1600 cm-1 is a B3g mode, which is sensitive to 

molecular angle.131–133 In the B3g mode, when the incident laser light enters 

Figure 4.13 Raman spectra of drop-cast C8-BTBT film (a), as-spin-coated PMMA film (b), 

as-spin-coated double-layered film (1), as-pre-annealed double-layered film (2) and light-

irradiated double-layered film (3). C8-BTBT molecules’ scatterings were indicated as red 

dashed lines and PMMA molecules’ scatterings were as green lines. Especially C8-BTBT 

molecules’ scatterings at 1600 cm-1 were indicated as asterisks. Wavelength of incident laser 

light was 532 nm. 
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perpendicular to the substrate, “lying” molecules on the substrate have stronger 

intensity of B3g mode, while “standing” molecules have weaker intensity. In the case 

of C8-BTBT, the vibration mode at 1600 cm-1 was similar to the pentacene B3g mode 

by density functional theory (DFT) calculation (RB3LYP, 6-31G(d,p)). The “lying” 

C8-BTBT molecules which caused the B3g-mode scattering seemed to be formed 

through the pre-annealing procedure and they did not change through the light 

irradiation. 

To elucidate further the film morphology, atomic force microscope (AFM) 

measurement was performed (Figure 4.14). This measurement was aimed to reveal the 

interfacial structure of C8-BTBT molecules on the underlying PMMA layer. Firstly, a 

several-mono-layered C8-BTBT/PMMA film was fabricated by spin-coating of mixed 

solution of 0.05 wt.% C8-BTBT and 1 wt.% PMMA (only C8-BTBT was diluted by 

10 times). Figure 4.14a and 4.14b are the AFM images of as-pre-annealed and light-

irradiated film. As shown in these images, the interfacial layers had 1.5 nm height. 

With respect that a single C8-BTBT molecule’s length is 3 nm (along with the long 

axis), this result suggested the interfacial molecules in at least two mono-layers were 

not “standing” but “lying”. This suggestion was also supported by the corresponding 

Raman spectra of each film, where the strong peak at 1600 cm-1 was observed in both 

cases (insets in Figure 4.14a,b). Since such “lying” structure was composed of as thin 

as several mono-layers, that structure seemed not to be observed by the previous XRD 

measurement. Next, AFM measurement was carried out on an as-pre-annealed film 

which was fabricated by spin-coating of mixed solution of 0.08 wt.% C8-BTBT and 1 

wt.% PMMA (Figure 4.14c). In this case, the amount of C8-BTBT molecules was 

increased and there partly appeared very flat table-like structures with 6 nm height. 

Such flat table-like layers were known to be composed of “standing” molecules and 

their height could be ascribed to two “standing” mono-layers. Thus, the AFM image 

of Figure 4.14c showed the coexistence of “standing” and “lying” molecules. In 

addition, I also investigated on the case of as-pre-annealed PMMA film. In that case, 

there appeared no significant structure with larger than 1.5 nm thickness (Figure 4.14d). 
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Figure 4.14 (a-d) AFM images and corresponding line profiles of as-pre-annealed double-

layered film (a,c), light-irradiated double-layered film (b), and as-pre-annealed PMMA film 

(d). Double layers were fabricated by spin-coating of mixed solution of 0.05 wt.% C8-BTBT 

and 1 wt.% PMMA (a,b) or 0.08 wt.% C8-BTBT and 1 wt.% PMMA (c). PMMA layer was 

fabricated using 1 wt.% solution. Insets in (a) and (b) are Raman spectra of each film, where 

peaks at 1600 cm-1 is indicated as red asterisks. (e) Schematic illustration of possible 

mechanism of formation of “lying” layers. 

(e) 
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In this way, C8-BTBT molecules were revealed to have “lying” structure at the 

interface. This structure was supposed to be caused by the interaction between C8-

BTBT and PMMA during the pre-annealing procedure (Figure 4.14e). 

As a result, there observed no obvious change before/after the light irradiation 

in XRD, Raman and AFM measurement. The morphological change could be observed 

during the pre-annealing procedure in Raman and AFM measurement, although the 

relation between the morphology and mobility enhancement was still unknown. As 

field-effect mobility relates to the electronic states of conducting materials, the 

electronic states of the C8-BTBT layer seemed to be changed during the irradiation. 

Indeed, in output characterization in FET measurement, a unique non-linear behavior 

was observed in a small-drain-voltage region after pre-annealing. This non-linear 

behavior indicated the charge-carrier limiting at the semiconductor/electrode interface. 

Thus, there seems to remain room for further investigation on the change of electronic 

states of the C8-BTBT layer before/after the irradiation. However, the electronic states 

of C8-BTBT molecules could not be characterized by conventional ultraviolet-

photoelectron spectroscopy (UPS) because of an underlying thick PMMA layer, which 

caused charge-up during UPS measurement. To understand the mechanism further, it 

will be necessary to investigate the electronic states by other than photoelectron 

spectroscopy, such as Kelvin-prove force microscopy (KFM). 
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4.4 Conclusion 

 In this chapter, I achieved post-processing modulation of field-effect mobility 

of C8-BTBT FETs assisted by light irradiation. In the irradiating process, mobility was 

increased by four times from 1-3 cm2/Vs to as high as 8-12 cm2/Vs in tens of hours. 

When the irradiating lamp was turned off in vacuum, the threshold-voltage shift was 

restored, while the enhancement of mobility was maintained. The investigation on the 

device configuration and enhancement condition revealed that such phenomenon 

occurred only in the case of pre-annealed C8-BTBT/PMMA double-layered FETs in 

the ambient or oxygen atmosphere. Characterizations on the C8-BTBT film during the 

series of the procedures were carried out by XRD, Raman and AFM measurement. In 

XRD measurement, crystallinity of C8-BTBT was found consistent before/after the 

irradiation. In Raman spectroscopy, there was no obvious evidence of oxidization of 

C8-BTBT molecules during the irradiation. In addition, Raman and AFM 

measurement revealed the morphological change during the pre-annealing, showing 

the formation of “lying” C8-BTBT molecules at the C8-BTBT/PMMA interface. 

However, the mechanism of the mobility enhancement has yet to be determined. Since 

the field-effect mobility seemed to relate to the electronic states of the C8-BTBT layer, 

further investigation on its electronic states is expected to elucidate the mechanism of 

the mobility enhancement. The post-processing light irradiation itself is so facile that 

the elucidation of the mechanism will promote further the practical fabrication of high-

mobility OFET. 
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Chapter 5. Concluding Remarks 

In this dissertation, I developed novel external-field-assisted fabrication 

processes of OFETs in three kinds of studies as follows. 

Application of Electric Field after Drop-Casting (Chapter 2) 

In Chapter 2, electric field was applied after drop-casting of pentacene solution. 

Pentacene single crystals were grown just after drop-casting via rapid cooling 

and subsequently the electric field was applied. To observe the crystal 

movement, I developed a real-time optical microscopy. In the observation, 

pentacene crystals were revealed to respond to the dc electric field as if they 

were positively charged. I discussed that the contact electrification occurred 

between the pentacene crystals and surrounding solvent according to the 

Coehn’s rule. In the case of application of ac electric field, the charged crystals 

swung between electrodes. These crystals could be placed on the channel under 

the optimized ac electric field. The grown crystals were characterized with 

respect to the crystals orientation and FET performance. In the orientation 

characterization, the crystals with larger aspect ratio were found more likely to 

align the [1̅10] crystallographic axis parallel to the applied electric field. In 

the FET characterization the crystals whose [1̅10]  crystallographic axis 

parallel to the channel length showed higher mobility, which was consistent 

with the recent first principle calculation. This result suggested the pentacene 

crystals with large aspect ratio could be aligned by the electric field along the 

certain direction which was suitable from a viewpoint of the mobility anisotropy. 

The maximum mobility was calculated as 0.49 cm2/Vs, showing that as-

deposited crystals from solution could work as a field-effect transistor. 

Application of electric field in solution was found effective for placement and 

orientation control of organic single crystals. 



 Chapter 5. Concluding Remarks 

82 

 

Application of Electric Field during Solvent Vapor Annealing (Chapter 3) 

In Chapter 3, electric field was applied during solvent vapor annealing (SVA). 

C8-BTBT nucleated and grew further near the substrate during the SVA process. 

Thus, electric field worked on the growing crystals unlike the case on the grown 

crystals in Chapter 2. This scheme lead to the self-assembly of single crystals 

with uniform size and orientation. I developed a real-time optical microscopy 

and observed the crystal movement under electric field. When electric field was 

applied, the SVA-growing crystals behaved like a negatively charged substance. 

In addition, the crystals were automatically rotated their directions parallel to 

the field just bridging over the two electrodes. I investigated this electric-field-

assisted SVA on the two kinds of configurations: PMMA-on-Au configuration 

and Au-on-PMMA configuration. On the first PMMA-on-Au configuration, the 

C8-BTBT crystals could be highly aligned according to the electric field. 

However, the fabricated FETs had poor FET performance because of a 

remaining PMMA layer between C8-BTBT crystals and Au electrodes. On the 

second Au-on-PMMA configuration, on the other hand, the crystals and 

electrodes could contact directly and the grown crystals showed a good FET 

performance of as large as 1.9 cm2/Vs. Application of electric field during SVA 

was proved effective for placement and orientation control of organic crystals 

and also effective for fabrication of high-mobility OFETs. 

Light Irradiation on C8-BTBT FETs (Chapter 4) 

In Chapter 4, light was irradiated on the C8-BTBT FETs after fabrication. The 

light was irradiated on the pre-annealed C8-BTBT/PMMA double-layered FETs 

and the mobility was increased by 4 times from 1-3 cm2/Vs to as high as 8-12 

cm2/Vs in tens of hours. The investigation on the device configuration and 

enhancement condition revealed that this phenomenon occurred only in the case 

of a pre-annealed C8-BTBT/PMMA double-layered FET in the ambient or 

oxygen atmospheres. In XRD and Raman measurement, it could be observed 
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neither changes of crystallinity of the C8-BTBT layer nor evidence of 

oxidization of C8-BTBT molecules. With respect to the electronic states of the 

C8-BTBT layer, further investigation is expected to elucidate the present 

mechanism. The elucidation of the mechanism will realize practical application 

of the present facile post-processing light irradiation. 

Throughout this dissertation, I found external electric field was effective to align 

various organic crystals and light irradiation could modulate FET performance even 

after fabrication. In the current OFET research, design and synthesis of organic 

semiconductor molecule are more enthusiastically integrated than process-engineering. 

To push OFETs closer to practical applications, however, compatibility of integrated 

molecules and fabrication process is essential. In this respect, I proposed novel but 

facile fabrication techniques which is applicable for various kinds of molecules. I 

believe that these fundamental findings will provide new insights for practical 

fabrication of the current integrated molecules and open a way for the further 

improvement of OFET fabrication. 
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