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ABSTRACT 

There are many kinds of one-dimensional (1-D) nanomaterials such as nanofiber, nanoribbon, 

nanotube and nanowire.[1] They have been widely studied over a decades because they are promising 

materials for applications in various optoelectronic devices such as organic photovoltaic cell[7, 8], 

flexible sensor[10], phototransistor[11], organic light-emitting diode[12]. Recently, on the other hand, 1-D 

nanomaterials with unique structure morphologies have been developed and applied to optoelectronic 

devices that can exhibit unusual electrical characteristics, and these unconventional 1-D nanomaterials 

were employed for fundamental study in organic electronics. In this work, 1-D organic semiconductor 

nanomaterials with unconventional structures including branched nanowires have been developed and 

used for various optoelectronic devices. In addition, the fundamental charge transport mechanisms 

have been investigated. 

First, we synthesized branched wires by modifying the morphology of 1-D nanowires from 

solution phase. The injection of different kinds of non-solvents, such as methanol, ortho-

dichlorobenzene or a nanowire-dispersed solution, greatly affected the growth mechanism of 

nanowires during the π- π stacking of molecules and resulted in the formation of branched wires. 

Organic field-effect transistors (OFETs) were fabricated for the fundamental study on the charge 

transport of these branched nanowires. Electrical characterizations of over one hundred samples and 

investigation of activation energy by temperature analysis suggests that there is difference in the 

electron mobility of branched wires upon switching the source-drain direction. 

For second experiment, a highly photo-sensitive material (2Z,2'Z)-3,3'-(2,5-dimethoxy-1,4-

phenylene)bis(2-(3,5-bis(trifluoromethyl)phenyl)acrylonitrile) (DM-R) and other three materials were 

synthesized with high purity. These materials were easily fabricated into nanowires by stacking π-π 

self-assembly in solution-phase. By using these nanowires, highly photo-sensitive field-effect 

transistor was fabricated and their photo-responsivity was measured in high-vacuum condition to 

compare with their thin film structure. 

For third experiment, nanoparticle-embedded magnetically-alignable nanowires were synthesized 

via the injection of iron oxide nanoparticle dispersed ethanol as a non-solvent in a hot BPE-PTCDI 

solution. The nanowire was aligned by external magnetic force due to the embedded magnetic 

nanoparticles inside the body of nanowire. For the application to the memory, the field-effect 

transistor device was fabricated and its memory characteristics were measured. 
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1. Introduction 

Over a decade, lots of organic nanowire was researched for its interesting characteristics in its 

organic electronics, easy fabrication, facile application to flexible devices, and extraordinary electron 

transport mechanism.  

One of their advantage comes from that they composed of organic materials, which means there 

is relatively little environmental pollution issues and bio-compatibility compared to inorganic 

materials and their producing procedures of facile and large-fabrication which makes cheap organic 

devices. Also its recent application to flexible and stretchable electronic devices makes the organic 

nanowires as promising candidates for next generation nanomaterials for electronic device.  

The other advantages of organic nanowire comes from their one-dimensionality, which concepts 

are important in these days for the researches about carbon science; 0D for fullerene, 1-D for carbon 

nanotube, 2D for graphene and 3D for graphite or carbon. One-dimensionality of the organic 

nanowire helps the electron transport in a specified direction due to their anisotropic 1-D structure. 

And most of these organic nanowires which made by π-π stacking of its composing molecule makes 

them possible to get high electron and hole mobility due to the enhanced charge carrier transport to 

the long-axis stacking facets.  

The above advantages lead the organic nanowires to various applications into 

electronic/optoelectronic devices and their fundamental studies about organic electronics for charge 

carrier transport in organic materials; organic field-effect transistor, organic photo-diode, organic 

light-emitting diode/transistor, organic photovoltaic cells and organic photo sensors. In these organic 

electronic devices, they were used as various constituent such as electrode, semiconductor channels.  

This various use of organic nanowires needs more researches about this one-dimensional 

nanowire and even more their morphology transformation into other dimensions, or advancement or 

the nanowires by many methods such as doping additional materials or forcing external electrical or 

magnetic field to modify their characteristics. Already there have been some researches for the 

advancement of the organic nanowire such as branched nanowires, p-n heterojunctioned nanowire, 

organic-inorganic hybrid nanowire, nanoparticle embedded nanowire and block-copolymer based 

nanowires. 
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Here, I summarized whole researches of the advancement of organic nanowire as a form of 

review, from the branched nanowire synthesis, wire fabrication of photo-sensitive material, 

nanoparticle embedding to nanowire to the electrical characterization of this organic nanowire based 

electronic device for the fundamental studies of electron transport mechanism, finally whole of 

organic electronics. 

 

1.1. Research objectives 

By a increasing demand of studies of organic electronics from organic nanowires, there was need 

of new and novel structured organic wire which has unusual and unique structures compared to 

conventional organic nanowires for their interesting electron transport mechanism and peculiar 

physical characteristics. This led us to the research about the synthesis of novel structured branched 

wires and their structure analysis and electrical properties to investigate the electron transport 

mechanism of branched organic wires. 

1. First research objective is development of organic branched nanowire and investigate their 

unusual electrical characteristics to understand organic electronics by their electronic transport 

mechanism. This research objective can be divided into 4 steps; synthesis, structure analysis, device 

fabrication, electrical characterization. 

2. Second research objective is fabrication of a highly photo-sensitive 1-D nanowires and 

characterization of their optical properties to compare with their thin film state. The total research 

objective follows next steps. First step is synthesis of highly photo-sensitive materials which can be 

easily fabricated in to one dimensional structure. Then fabricate the synthesized material into 1-D 

nanowire for organic-field effect transistor device fabrication. After fabrication of thin film organic 

field-effect transistor device which used same materials, optical properties of those devices will be 

compared. 

3. The third research objective is development of magnetically alignable nanowires and finds 

their electrical characteristics such as memory effect. For the first step for synthesize magnetically 

alignable nanowire a highly magnetically active nanomaterial, iron oxide nanoparticle, was used when 

nanowire growth to embed it inside. For last step to investigate the memory effect of synthesized 

nanowire, field-effect transistor was fabricated with the iron oxide nanoparticle embedded nanowire. 
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1.2. 1-D organic nanomaterials 

There are many kinds of 1-D organic nanomaterials such as nanofiber, nanowire, nanoribbons, 

nanotubes. For example, carbon nanotube is one of the 1-D organic nanomaterials and it has been 

widely researched for a decades because of their high conductivity and possibility as a promising 

building blocks for integrated circuits (IC) in flexible devices. 1-D organic nanomaterials have many 

advantages compared to inorganic nanomaterials, because they can be solution-processed in 

fabricating electronic devices, and also their electronic property tunability by molecular design. Other 

advantage, which comes from their one-dimension structure, is their anisotropic charge carrier 

transport pathway enhances the performance of device. 

Most representative material among the 1-D organic nanomaterials is nanowires. Usually, 

organic nanowire fabricated by organic small molecules which can easily grow by self-assemble 

along the π-π stacking direction. This organic nanowire shows high performance in electrical 

characteristics because of their single crystallinity and enhanced charge carrier transport caused by π-

π molecular interaction. Total four 1-D organic nanowire are described in here; organic nanowire, 

branched nanowire, hetero-junctioned nanowire, nanoparticle embedded nanowire. 
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1.2.1. Organic nanowires 

In organic-field effect transistor, self-assembled organic nanowires from small-molecule 

semiconductors have been widely researched. Face-to-face stacking of planar aromatic molecules, 

also known as π-π stacking, attracted great interest in optoelectronic device because they exhibit high 

charge carrier mobilities and their facile fabrication by self-assembly process. 

 

Figure 1. Example of π-stacking semiconductors.[1] 
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π-π stacking occurs by the electronic wave functions overlapping between neighboring 

molecules when they built a stacking structure. And this electronic wave function overlapping make a 

bandwidth increase and finally result in the increased charged electron density in correlated π-stacking 

region. 

Nanomaterials which have more than 2-dimensional molecular structure can easily make a 

stacking structure compared to a nanomaterials which have just a linear structure such as oligoacene 

groups. Also those nanomaterials have strong π-π stacking to make a 1-dimensional structure very 

easily by self-assembly process. The example of 1-D nanomaterial is nanowire, nanoribbon, 

nanofibers. 

Among the examples of 1-D nanomaterial, nanowire is most important structures because they 

can be easily applied to electronic devices with high performance. There are some examples of 1-D 

nanowire material such as perylene-3,4:9,10-tetra-carboxylic diimide derivatives (BPE-PTCDI, 

PTCDI-C8, PTCDI-C13), pentacene derivatives (hexathiapentacene, TIPS-pentacene), porphyrins,, 

fullerene derivatives, and F16CuPc. All of these materials are researched for a long time and shows a 

stable and high performance in common devices. 

It is well known that π-π stacking make a high electron mobility (or hole mobility) along the 

long axis of nanowire because of the stacked molecules can make a strong intermolecular 

enhancement, in the self-assembled nanowires. In Figure 1, there are some examples of a molecule 

which can easily make a nanowire by π-stacking. All of the example shows high charge carrier 

mobility and shows high performance organic field-effect transistors. 

N,N'-bis(2-phenylethyl)-perylene-3,4:9,10-tetra-carboxylic diimide (BPE-PTCDI) is a kind of 

organic small molecules which can easily self-assemble by π-π stacking to make nanowire. It is easy 

to fabricate nanowire by using BPE-PTCDI with large scale. BPE-PTCDI has properties that it does 

not easily dissolve in common solvent in room temperature. But by increasing temperatures of 

solution in reflux system, it dissolves and makes yellow-orange color solution. And injection of non-

Figure 2. π-stacking direction along the long axis of nanowire.[3] 
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solvent such as a methanol will function as a seed and result in the formation of nanowire. Because 

the injected non-solvent methanol have lower temperature than the BPE-PTCDI solution and also 

have small molecular weight, it can works as a seed of growing nanowire. 

Even though these nanowires become easy to synthesis because of a recent development of 

nanowire area, still it is hard to control the dimensions of those nanowires. There are some problems 

to control the nanowire diameter or length during the synthesis by vapor-liquid-solid method. To solve 

those problems, initial condition control is important technique in that process such as change of gas 

flowing ratio or change of nanowire catalyst. Also non-solvent nucleation mediated method need a 

control of initial conditions during the synthesis of BPE-PTCDI or other π-π stacking organic 

molecules. There are some factors which changes the diameters and length of nanowire, such as 

temperatures of reflux system, injection amount of non-solvent, kind of solvent and non-solvent, 

stirring bar rotation speed, cooling speed, injection timing of non-solvent. 

Usually, it is easy to control the diameter and length of nanowire when it was processed in 

solution compared to the other method such as growing on a hard template substrate. Because of this 

advantage in solution-process, there is another method of growing nanowires in solution. Use of 

surfactants such as Cetyl trimethylammonium bromide (CTAB) which make an emulsion helps the 

growth of nanowire with higher controllability in normalized condition. 

Also, there is another method which can easily make an organic nanowire in simple process, by 

using a anodic aluminum oxide (AAO) disk as hard template for nanowire growth Those porous hard 

templates gives a anisotropic growth of nanomaterials and thus useful for organic molecule which 

cannot make nanowire by self-assemble such as non π-π stacking molecules. 
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1.2.2. Branched nanowires 

For over a decade, a lot of self-assembled organic nanomaterials were used in high performance 

and flexible optoelectronic nanodevices, such as phototransistor, photovoltaic cells, and organic light-

emitting transistors and diodes. This self-assembled organic nanomaterial appeals to this 

optoelectronic nanodevice field because it’s solution-processable and has a large-area with flexibility, 

low-cost and high performance. 

But, as more organic based research is developed, there are more needs required for new and 

novel structures of self-assembled organic nanomaterial structures without loss of its high 

performance or easy process. For example, there was research that made pillar structured active layer 

solar cells using cross-linkable conjugated polymers. There are other things that allow for this 

possibility of high performance structure. 

There is relatively little research on organic branched wires which have more than one 

dimension, except for some research which used a physical vapor transport method to grow inorganic 

heterojunction structures.  There are also organic-inorganic heterojunction wire structures for light 

photodetectors. There is comparatively more research in inorganic branched nanowire. Almost all of 

these inorganic branched wires were obtained by the physical vapor transport method, characterized 

with simple photo-electrical properties and applied to making photo-devices. 

 

Figure 3. Application of p-n heterojunction branched nanowire in flexible 

optoelectronic device. 
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Branched nanowire is another kind of organic nanomaterial which has unusual structures 

compared to normal 1-D nanomaterial. Branched nanowires have a strength that those 3-dimensional 

branched structure have a high surface-to-volume ratio compared to common nanowires and expected 

to show a different charge carrier transport mechanism because of their 3-dimensional branched 

structure. 

Because of the above advantages, branched nanowire was researched for their application to the 

energy engineering area and optoelectronic devices such as solar cells, batteries, phototransistors. 

Compared to conventional 1-D nanowire, branched nanowire has benefits comes from their branch 

structure such as increased photon absorption by enormous scattering inside of the branched structure. 

Also, high surface-to-volume ratio helps the photo-responsivity of phototransistor or photosensors 

compared to 1-D nanowire. Another advantage of branched wire comes from their different charge 

carrier transport mechanism. They have different pathway of electron or hole; collected electron from 

branch part will transport to the same trunk of branched wire. 

The most impressive structure of these branched nanowires is the dendritically branched 

nanowires which have a junction that differentiates the p-type organic semiconductor nanowires and 

n-type organic semiconductor nanowires. Also there can be other structures using a p-n heterojunction 

branched wire shape. For example, there can be a copolymer structure which was synthesized by 

using the p-type organic semiconductor small molecules as monomers and n-type organic 

semiconductor small molecules as the other monomers. 

This p-n heterojunction structure organic nanomaterial is expected to be highly flexible and also 

has a possibility of whole solution processable process which can be spin-coated directly onto the 

electronic devices without loss of its good performance, because it can be synthesized in the solution 

phase by the self-assemble method. This p-n heterojunction is not only the promising way for the 

fundamental study of the electron kinetics study, but also shows the highly applicable structure with 

most efficiency. 
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There are some kinds of fabricating method for branched wire. Most of them are for inorganic 

materials, such as vapor-liquid-solid (VLS) method, wire-on-wire branch growth method, screw 

dislocation with VLS method. Figure 4 shows a general branched wire growth method including VLS 

by chemical vapor deposition (CVD) method and wire-on-wire growth by physical vapor deposition 

(PVD) method. Usually these methods are used for the growth of inorganic branched wire growth on 

hard template. 

  

Figure 4. Common branched nanowire growth method. (a) Vapor-liquid-solid (VLS) method. 

(b) Wire-on-wire growth method. (c) self-catalyzed growth.[4] 
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1.2.3. Nanoparticle embedded nanowires 

Nanoparticle embedded nanowire shows a different electrical and physical characteristics 

compare with their original material. Advantage of nanoparticle embedded nanowire comes from 

combination of two properties of nanowire and nanoparticle. The synthesis of 1-D hybrid nanowire 

system with nanoparticle suggests big opportunity to give a various functional properties, such as 

surface plasmon resonance effect of metal nanoparticle, magnetic properties of iron oxide, 

improvement of physical properties by embedding functionalized metal nanoparticles. 

For a decade, many nanoparticle embedded nanowire was fabricated. Figure 5 shows a TEM 

image of gold nanoparticle embedded silicon nanowire. They were fabricated by using a microreactor 

of two gold thin films with small space between them. The embedded gold nanoparticle of nanowire 

caused surface plasmon resonance (SPR) effect inside nanowire, so it efficiently increased the light 

absorbance of nanowire. Those gold nanoparticle embedded nanowire can be used for the application 

in the optoelectronic device such as phototransistor or photo sensor because of their high 

photoresponsivity. Also there is another example which shows an enhancement of label free DNA bio-

sensing level through embedding gold nanoparticle into silicon nanowire device.  

  

Figure 5. (a,b) TEM images of Au nanoparticle embedded silicon 
nanowire.[2] (c) Scheme of nanoparticle embedded silicon nanowire 
sensing device.[9] 
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Also, magnetically active nanoparticle can be embedded in nanowires. A selective growth of 

organic nanowire by using laser irradiation in a specific area was reported. Their succeeding 

embedding of functional nanoparticle such as iron oxide enhanced the electrical and physical 

properties of their organic nanowires. Those iron oxide nanoparticle embedded nanowire are 

important because those of inorganic-organic hybrid materials were not usually researched before due 

to their difficult fabrication method. 

Most of the nanoparticle embedded nanowire researched with inorganic materials, usually 

silicon nanowires. Although those inorganic materials show higher performance and get advantages 

from their reproducibility, they are expensive and have toxicity. By using organic materials as 

nanowire backbone and inorganic nanoparticles as embedding materials, that inorganic-organic hybrid 

nanoparticle embedded nanowire are expected to show high performance with cheap and easy process. 
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1.3. Optoelectronic devices 

Optoelectronic devices include photodiode,[13] solar cells,[14] phototransistors,[15] photoresistors, 

photo sensors, organic light emitting light diode and so on.[11] It is a kind of electronic device related 

to optical properties. Here, we researched organic field-effect transistors and phototransistor as 

optoelectronic device. Including organic semiconductors, those optoelectronic devices are widely 

researched and now applied to next generation techniques such as flexible devices. 

 

 

1.3.1. Nanowire organic field-effect transistors (NW OFETs) 

Organic field-effect transistors have attracted many technological interests, and were used as a 

device for studying charge carrier transport mechanism of various organic semiconductor materials 

such as 1-D nanomaterials. Common organic nanowire field-effect transistor consists of some part. 

The most important part is active channel material, organic semiconductor nanowire where charge 

carrier transport occurs. Dielectric layer is another important part of organic field-effect transistor, and 

especially the surface of dielectric largely affects the performance of device. The other important part 

of field-effect transistor is three electrodes of source, drain, and gate. They are usually deposited on 

device by thermal evaporation of metal. Kind of metal is also important for high performance device 

because the work function should be match with HOMO/LUMO level of semiconductor. 

Figure 6 shows a schematic image of top-contact structure of nanowire field-effect transistor 

device. Usually gate/dielectric substrate is highly doped silicon and silicon oxide wafer treated with n-

octadecyltrimethoxysilane (OTS) to make self-assembled monolayer (SAM). 

Figure 6. Schematic image of top-contact field-effect transistor device.[1] 
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There can be 4 kinds of device structure. Figure 7 shows 4 schematics of thin film field-effect 

transistor device structure. There is bottom gate/bottom contact structure (Figure 7a), bottom gate/top 

contact structure (Figure 7b), top gate/top contact structure (Figure 7c), top gate/bottom contact 

structure (Figure 7d). Among them, bottom gate/top contact structure and top gate/bottom contact 

structure shows higher electrical characteristics than the other structures. This result comes from the 

contact quality between electrode and semiconductor, and dielectric layer. Certainly, contact problem 

occurs in nanowire transistor not only for thin film transistor. 

Mechanism of field-effect transistor starts when applying gate voltage to the gate electrode. 

Force external voltage make a field-effect across the dielectric layer, and it result in the accumulation 

of charge carrier inside the active organic semiconductor material, such as pentacene thin film or 

BPE-PTCDI nanowire. Those accumulated additional charge carriers will flow the current between 

source and drain electrode because of increased conductance of semiconductor. Kind of charge carrier 

depends on the semiconductor types. If semiconductor is n-type, electron will be charge carrier and if 

p-type, hole will be a charge carrier. Usually p-type semiconductor shows higher electrical 

characteristics because they have higher LUMO energy levels which prevent oxidation by external 

oxygen and moisture. 

Figure 7. 4 schematics of organic thin film transistor device structure. (a) bottom gate/bottom contact structure, (b) bottom 

gate/top contact structure, (c) top gate/top contact structure, (d) top gate/bottom contact structure.[6] 
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To characterize organic field-effect transistor device, there are some parameters which decide the 

performance of semiconductor. The first parameter is charge carrier mobility μ. Equation (1.3.1) 

shows the relationship between measure device current and charge carrier mobility parameter. The 

other important parameters of field-effect transistor is threshold voltage and on/off ratio. Low 

threshold voltage plays key role in low-voltage operation of electronic device, and on/off ratio is 

important for saving loss of current during function as transistor in logic circuit. 

𝐼𝐼𝐷𝐷𝐷𝐷 =
1
2
𝑊𝑊
𝐿𝐿
𝜇𝜇𝜇𝜇(𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑇𝑇)2 

Charge carrier mobility μ of saturation regime can be calculated by equation (1.3.1) by 

measuring drain-source current IDS, applied gate voltage VG, threshold voltage VT, dielectric 

capacitance C, and area modifying parameter channel width over channel length W/L. Charge carrier 

mobility usually depend on the semiconductor properties such as its crystallinity, molecular structure. 

But still there are other factors affect the mobility of device such as interface quality between 

semiconductor and surface of dielectric and electrode, applied voltage, and measured circumstance. 

Calculation and experimental result of charge carrier performance of electronic device shows that 

only a few nanometers act as active channel in semiconductor. This means that the interface between 

semiconductor and dielectric layer or self-assemble monolayer (SAM) plays key role in high 

performance field-effect transistor, especially in thin film field-effect transistor. For nanowire field-

effect transistor, it is important to contact all of the nanowire by electrode. Some of researchers chose 

top-gate dielectric layer to make better contact whole nanowire.  
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1.3.2. Nanowire organic phototransistor (NW OPT) 

Organic phototransistor is another application of organic field-effect transistor. By using highly 

photo-responsible materials such as N,N'-bis(2-phenylethyl)-perylene-3,4:9,10-tetra-carboxylic 

diimide (BPE-PTCDI), (2 Z ,2 ′Z )-3,3 ′ -(1,4-phenylene)bis(2-(3,5-bis(tri fluoromethyl)phenyl)-

acrylonitrile) (CN-TFPA), or (2Z,2'Z)-3,3'-(2,5-dimethoxy-1,4-phenylene)bis(2-(3,5-

bis(trifluoromethyl)phenyl)acrylonitrile) (DM-R). Those materials can be used for organic 

phototransistor with their high photoresponsivity. 

Pentacene also exhibits photoresponsivity. In pentacene thin film device, excitons are generated 

under external light and dissociate into electrons and holes. Because pentacene is a p-type 

semiconductor, generated holes act as charge carriers and current flow will increase. On the other 

hand, electron will trapped by pentacene thin film (Figure 8). As electrons are deeply trapped at the 

interface between semiconductor and dielectric interface, organic phototransistor threshold voltage 

will be shifted.  

Nanowire phototransistor also reported to show high photo-responsivity. Compare with thin film 

photo transistor device, nanowire has higher surface-to-volume ratio and have higher crystallinity. For 

example BPE-PTCDI nanowire transistor has higher photoresponsivity compared to its thin film 

transistor, and its higher crystallinity increase the electrical properties of phototransistor. 

 

Figure 8. Pentacene thin film phototransistor energy-
band diagram.[5] 
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2. Researches 

Here, we described total 3 researches; study of branched nanowire, photo-sensitive organic 

nanowire and nanoparticle-embedded magnetically-alignable organic wire. All the experiments were 

conducted planned before. 

 

2.1. Study of branched wire 

2.1.1. Introduction 

Historically, one-dimensional (1-D) organic nanowire has been applied to various electronic 

devices such as organic field effect transistor[6], solar cell[4, 16, 17], memory[18, 19], sensors[9, 20], flexible 

devices[21, 22, 23] due to their facile and large-scale fabrication[1], easily controllable size[16], self-

assembly from solution phase[18], molecular tunability. 

Recently, branched wires which have more than one-dimension were reported to show its optical 

properties such as waveguide, sensors, and also applied to solar cells for its high surface/volume ratio 

and good p-n junction. Most of this branched wire was synthesized by a phase induced branch growth, 

vapor-liquid-solid (VLS) method, solution-growth on preformed nanowires from inorganic or 

organic/inorganic hybrid materials. 

But, there is relatively little research about the organic branched wire. Some synthesis of organic 

branched wires was reported by physical-vapor-deposition (PVD) method and it shows a good optical 

property. Organic branched wire is a promising nanostructure for its many junction point, high 

surface-to-volume ratio, structure similarity to show good optical property and it is possible to apply 

in organic solar cell. 

Here, we researched the electronic properties of organic branched wires by fabricating field-

effect transistor device. There were some reported organic branched wires which show its optical 

property such as waveguide or junction structure formation, but still it is unknown for the electron 

movement mechanism of the branched wire. The fundamental study of this branched wire is important 

for its application into complicate electronic device. 
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2.1.2. Experimental & Result 

For a material of branched wire, we used n-type organic semiconductors, N,N'-bis(2-

phenylethyl)-perylene-3,4:9,10-tetra-carboxylic diimide (BPE-PTCDI), known to have high π-π 

conjugated structure and easy to make a self-assemble process in solution phase. BPE-PTCDI is 

known to possible fabricating a nanoscale wires by solution process and has high electrical 

performance in field effect transistor, but still branched wire using that material is not reported. 

BPE-PTCDI has a large difference in its solubility according to temperatures, so we used non-

solvent nucleation-mediated method to make a BPE-PTCDI wire. By using non-solvent nucleation-

mediated method we can easily control the morphology of synthesized wire by using various non-

solvent. As a solvent, ortho-dichlorobenzene (o-DCB) was used because it shows big difference in 

BPE-PTCDI solubility between low temperatures to high temperature. 

First, 4 mg of BPE-PTCDI were added into 4 mL o-DCB solvent to make 1mg mL-1 solution, and 

heated to 175 °C in oil bath with reflux system with stirring at 500 rpm, to completely dissolve the 

BPE-PTCDI. After BPE-PTCDI completely dissolves, it shows a deep orange color. Then we injected 

various reagents as a non-solvent such as methanol, ethanol, toluene, acetone, isopropyl alcohol, 

ortho-dichlorobenzene, benzene, 1,2,4-trichlrobenzene and so on. Then stirred solution 20 second and 

cooled it at air. After an hour, we obtained some wires with branched structures. Wires are then 

filtered with 0.22 μm AAO disk to disperse in ethanol solvent. 

Figure 9 shows optical image of BPE-PTCDI branched wires. When we injected chlorobenzene 

as a non-solvent, we can obtain flexible wires which have small degrees of branches. But when we 

inject o-DCB and 1,2,4-trichlrobenzne as non-solvent, we observed that as number chloro- group 

attached to the benzene ring increases, the degree of branch and thickness of wire also increases while 

its flexibility decrease.  

We repeated this non-solvent nucleation-method experiment in same condition with varying non-

solvent reagent as toluene, tetrahydrofuran, acetone, methanol, isopropyl alcohol, chloroform, water. 

But only when we injected non-solvent as toluene, which contains benzene rings, obtained wire has a 

branched structure. Obtained branched wire from using toluene as non-solvent has a high degree of 

branch and thick. From these result, we can know that common condition for make a branched wire is 

that used non-solvent reagent should contains a benzene rings, and when benzene rings contains more 

functional group it makes more branches. 
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And we did more experiment. One of them was using a tiny parts of wire solution as a non-

solvent. In Figure 9, one of the optical image of branched wire which is grown on the main wire as a 

small wire. This result comes from the injection of nanowire dispersed solution in ethanol. The 

nanowire dispersed solution act as a seed of nanowire growth, thus at the surface of wire, adhesion 

wire are grow together to form higher degree of branched wire. 

Figure 9. Optical microscope images of BPE-PTCDI branched wires fabricated by use of different non-solvent. Only 

when used non-solvent was chlorobenzene, o-DCB, 1,2,4-trichlorobenzene, toluene or nanowire dispersed ethanol, it 

result in formation of branched wire. On the other hand, if used non-solvent was MeOH, IPA, THF, H2O, Acetone, or CF, 

just result in 1-D wires. 
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But it was different from former experiment that its branch was grown at the surface of the main 

wire. Another experiment, we used co-solvent system which was mixture of o-DCB and various 

solvent such as acetone, IPA, toluene, methanol. When acetone was used it shows high degree of 

branch with sharp and hard wires, and other cases also shows similar phenomena. 

To understand the branching mechanism, scanning electron microscope image was obtained at 

high vacuum. In Figure 10a and 10b, it shows the branching part of wire and it shows that there is no 

backbone wire, only splitting of nanowire into many branches. This result is apparently different from 

other researches which show an adhesion growth on the surface of trunk wire. 

We fabricated a field-effect device by using BPE-PTCDI branched wire as active channel to 

evaluate the electrical properties of branched wires. Bottom-gate bottom-contact OFETs were 

fabricated with highly n-doped Si wafer on 300 nm SiO2. Surface of the wafer was treated by using 

self-assembled monolayer (SAM) of n-octadecyltrimethoxysilane (OTS). And we deposited 40 nm of 

gold electrode on the wafer by thermal evaporator. On the other hands, prepare a branched wire 

solution by filtering it from o-DCB solution and re-dispersion it into ethanol solvent. And drop the 

branched wire solution on the prepared wafer, and remove the solvent by take it into vacuum oven 

with 80 °C for 6 hours. For the reference, fabricate BPE-PTCDI single wire OFET device and 

thermally deposited BPE-PTCDI thin film transistor by same structure and condition. Used single 

wire was obtained from same solution of BPE-PTCDI branched wire, because it contains both 

branched wire and single wire. 

  

Figure 10. SEM image of branched wires which was obtained from using ortho-dichlorobenzene as a non-

solvent. (a) and (b) shows branched part of wire, and scale bar is 2 μm, 200 nm for each. 
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We measured the electrical properties of each sample devices by using keithely prove station at 

nitrogen condition to get the I-V characteristics of branched wire. 

In Figure 11a, transfer characteristic of each device shows that thin 1-D wire structure shows 

better performance than others, which have electron mobility 0.496 cm2 V-1s-1. Electron mobility was 

calculated by the equation (1.3.1), where ID,sat is drain current at saturation regime, W/L is width over 

length of wire, and Cox and μe is capacitance of silicon oxide dielectric and electron charge carrier 

mobility of branched wire. 

Branched wire show lower performance than 1-D wire and even thin film, because it have lots of 

defect inside. Also there should be another problem, which comes from long channel length. Reported 

highest BPE-PTCDI nanowire shows over 1 cm2 V-1s-1 mobility with a few micrometer channel length, 

which can lower the effect of defect and contamination inside of nanowire crystal. But in this research, 

usual channel length was more than 50 μm and this increased the effect of defect and contamination 

part of nanowire. 

In Figure 11a, there was interesting phenomena that the source to drain direction affects the 

performance of branched wire. When electrode of contact with branched part is used as source, it 

shows higher electron mobility and on/off ratio than when the trunk part of branched wire was used as 

source part. BPE-PTCDI is n-type semiconductor and positive gate voltage was applied to flow 

electrons from source to drain and this result shows that branch part is better to injecting charge 

carriers from source electrode to drain electrode where trunk part of wire is contacted. Histogram 

graph of 59 branched wire device were plotted at Figure 11b, it is an evidence that it 'branch is source' 

is better than the other case. When source electrode have larger contact to active layer, the charge 

injection is easier than when the contact area is smaller. 

For a detail analysis, more electrical measurement was conducted at different temperature under 

vacuum condition. Mobility of branched wire was measured from 230 K to 170 K by 20 K. At each 

temperature, transfer curve was obtained with different source-drain direction. In Figure 11c, the 

source-drain current IDS are decrease as the temperature decrease. At each temperature, electron 

mobility of branched wire with different source-drain direction was calculated and plotted as its 

temperature. It is observed that regardless of which part is connected to source, mobility decrease as 

temperature decrease. Following Arrhenius equation, log mobility versus inverse of temperature was 

plotted in Figure 11d. From the slope of graph activation energy was obtained from Arrhenius 

equation and it shows that 'trunk is source' case (68.6 meV) have higher activation energy than 'branch 

is source' case (65.1 meV). 
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For investigate how the trap charge will act in each case of branch wire, 500 hysteresis cycle of 

transfer curve was plotted in Figure 11e,f. Max current almost not change during the cycle, but 

minimum current of 'branch is source' case significantly decrease compared to 'trunk is source'. 

Figure 11. (a) Transfer characteristic of branched wire OFET device, with two cases of 

which part of branched wire is contact to source electrode. (b) Histogram graph of total 

54 branched wire device. (c) Max mobility graph versus different temperature. (d) 

Arrhenius plot of max mobility graph was plotted. (e,f) Hysteresis curve of 500 cycle 

transfer characteristics of branched wire device. 
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2.1.3. Conclusion 

In conclusion, we used non-solvent nucleation-mediated method and changed non-solvent 

reagent variously to the BPE-PTCDI solution in o-DCB, and controlled the condition for making a 

branched wire. The main condition for branch mechanism was not a growth on other wire but 

diverged by defects. The cause of defect was similarity between phenyl groups of BPE-PTCDI side 

chains with benzene rings of injected non-solvent. Also we can test the electrical performance of 

BPE-PTCDI branched wire by fabrication of OFET device. And by comparing the result of branched 

wire OFET device with thermally deposited BPE-PTCDI OTFT and single wire OFET device, we 

confirm that there is decrease of electron mobility by many of defect site in branched wire.  

Still, branched wire that using BPE-PTCDI material has a shortcomings that its branch degree 

decrease as wire become thinner, and even it cannot branch when it shrink to nanoscale. This problem 

may come from the inherent shortcomings of defect induced branch mechanisms. To avoid this 

problem and make a higher degree branch with nanoscale, we should find another materials that can 

branch with other mechanisms that does not make defect induced branch. This also does not decrease 

the electrical performance which caused by lots of defects. 
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2.2. Photo-sensitive organic nanowire 

2.2.1. Introduction 

Over the decades, a significant number of self-assembled organic one-dimensional (1-D) wires 

were applied for the fabrication of high performance electronic devices such as organic-field effect 

transistors, photovoltaic cells, organic light-emitting diodes and photodiode.[24, 25] Compare with zero-

dimensional (0D) or two-dimensional (2D) materials 1-D wires exhibit unique properties coming 

from their one-dimensionally confined charge carrier pathway and highly crystallized structures from 

their self-assembling processes along the long-axis π-π stacking direction. These self-assembled 1-D 

wires have been reported to show better charge carrier transport than amorphous thin film structures 

due to their intermolecular coupling enhancement along the molecular stacking direction.[1, 18, 26] 

On the other hand, the large surface-to-volume ratio and high crystallinity of self-assembled 1-D 

wire suggest their applications to various optoelectronic devices such as photodiodes[13, 27], photo-

sensors[16, 20, 24, 28, 29], photo-transistors[30, 31], and organic light-emitting diodes.[23] As the devices enter 

the nanometer scale, new device properties have been discovered, which when designed properly can 

be greatly beneficial to device performance. Nanowire devices are one such device geometry which 

has shown much promise.[13] 

We synthesized a photo-sensitive organic material which is known as a good fluorescent 

molecule, which can easily self-assemble to single crystal 1-D microwire via facile solution-process 

to show higher electrical and optical behaviour than its thin film structure. (2Z,2'Z)-3,3'-(2,5-

dimethoxy-1,4-phenylene)bis(2-(3,5-bis(trifluoromethyl)phenyl)acrylonitrile)   (DM-R) is already 

reported by An et al.[32], and this highly photo-sensitive organic material can be easily self-assemble 

into 1-D microwires. 

Here, we report fabrication of field-effect transistor by using DM-R microwire and its electrical 

characteristics. We also investigated optical properties of DM-R microwire and compared to its thin 

film structure. 

 

2.2.2. Experiment & Result 

A solution-processed fabrication of 1-D microwire of DM-R was carried out by simple 

recrystallization method. DM-R molecule can easily stack into one-dimensionally via its π-π stacking 

property. At the first, 1 mg of DM-R was dispersed at 3 mL of different solvent such as iso-propyl 

alcohol, hexane, and toluene at room temperature. After then, solutions were heated to 60 °C on hot 

plate to fully dissolve them. The yellow-orange colour solutions were then cooled to room 
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temperature very slowly for 2 hours. The wire things were observed in the solution, and then it was 

filtered by 0.22 μm pore size AAO disk and dispersed in ethanol. Fabricated microwires were 

observed by optical microscope (Figure 12). The diameters of wire ranged to a few micrometers, at 

least 100 μm. When solvent was toluene, its resulted microwire was thinner than other case and has 

higher crystallinity. 

Synthesized DM-R microwire was then fabricated into organic field-effect transistor device. The 

device was top-contact bottom-gate structure, and it used highly n-doped silicon wafer for its substrate. 

The surface modification of silicon wafer with 300 nm silicon oxide layer was conducted using self-

assembly monolayers (SAMs) by n-octadecyltrimethoxysilane (OTS).[18] 

DM-R microwire dispersed ethanol solution made by recrystallization from various solvent was 

spin-coated onto prepared silicon wafer with 700 rpm for 7 second and then 3000 rpm for 10 second. 

Then the silicon wafer device was dried at 80 °C vacuum condition for 12 hours. Finally, 40 nm of 

gold electrode was deposited by thermal evaporation with 50 μm channel length of shadow mask on 

microwire by aligning through optical microscope. For the comparison between microwire structure 

and thin film structure, DM-R thin film was also thermally evaporated for 50 nm at 65 °C substrate 

substrate temperature with 40 nm gold electrode on the film to make top-contact bottom-gate structure. 

  

Figure 12. Optical microscope image of DM-R microwire. 
Each wire was synthesized from different solvent of (a) 
isopropyl alcohol, (b) 1,2-dichloroethene, (c) hexane, (d) 
toluene. Scale bar is 200 μm for (a,b), and 100 μm for (c,d).
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Electrical characteristics of DM-R field-effect transistor device was measured under nitrogen 

conditions in the glove box. Figure 13 is plot of transfer characteristics of DM-R FET device in its 

thin film structure (Figure 13a) and microwire structure (Figure 13b). For the DM-R microwire device, 

the channel length of wire was 65.37 μm and its diameter was about 1 μm. Electron mobility was 

calculated by the equation (3.1.3).  

Figure 13. Transfer characteristics of (a) thin film and (b) 
microwire without incident light. Inset image is optical 
microscope image of each sample, with 20 μm scale bar. Small 
inset image is its polarized optical microscope image. Transfer 
characteristics of DM-R (c) thin film and (d) microwire at 
different wavelength of 460 nm (blue), 532 nm (green), 670 nm 
(red) under same incident light power of 500 μW. The 
photocurrent and photoresponsivity at Vg = 60V was plotted in 
(e) and (f). 
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The DM-R FET device shows n-type semiconductor characteristics with high electron mobility 

of 2.72×10-3 cm2 V-1s-1 for thin film and 1.61×10-1 cm2 V-1s-1 for microwire device. DM-R microwire 

shows about hundreds times higher electron mobility than its thin film structure, which comes from its 

single crystallinity. The inset images of Figure 13a,b show optical microscope image of thin film and 

microwire, respectively. The small inset image is its polarized microscope image which shows high 

crystallinity of microwire compare with its thin film. 

 We also evaluated the optical properties of DM-R microwire. It was expected to have higher 

photo responsivity than its thin film due to 1-D wire structure have higher surface-to-volume ratio 

which afford more photons. We used incident light of 500 μW power with controllable wavelength to 

obtain the photoresponsivity of device. Figure 13c and 13d shows the drain current change under 

different wavelength of incident light at same power. The measurement was conducted under high 

vacuum (< 5.0×10-5 torr) condition to minimize the degradation by oxygen and moisture. As incident 

light wavelength increase, the whole drain current decrease and is smallest when finally the light is 

turned off. This result cause by two factors, one of them is the degradation of DM-R material due to 

the measurement started from blue light to red light. The other factor comes from the photo-

responsivity of materials. As small wavelength of incident light was illuminated, the material response 

better due to its high photo-responsible characteristics. 

Figure 13e shows the photocurrent as a function of the wavelength, obtained at a gate voltage of 

60 V. And also the photoresponsivity (Figure 13f) is a critical parameter for evaluating the 

performance of a photodetector. The photoresponsivity was calculated as Iph/Plight, where Iph is the 

generated photocurrent and Plight is the total incident optical power. To compensate the illumination 

area different between thin film and microwire, we get a factor of thin film channel area (Atf = 50 μm 

× 1000 μm) over microwire channel area (Awire = 65 μm × 1 um), and corrected the photocurrent and 

photoresponsivity of microwire. The result shows that when incident light wavelength is 460 nm, the 

wire has higher photocurrent and photoresponsivity, and decrease as the wavelength decrease. This 

result seems to come from fast degradation of DM-R microwire. For optoelectronic device application, 

next step for DM-R microwire is better photo-sensitive stability at repeated measurement. 
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2.2.3. Conclusion 

We reported the synthesis of highly photo-sensitive organic small molecule (2Z,2'Z)-

3,3'-(2,5-dimethoxy-1,4-phenylene)bis(2-(3,5-bis(trifluoromethyl)phenyl)acrylonitrile) (DM-

R). The material was fabricated into 1-D microwire via simple solution-process. The 

fabricated microwire show high electron mobility (1.61×10-1 cm2V-1s-1), and it was higher than 

its thin film structure (2.72×10-3 cm2V-1s-1). Also, the fabricated DM-R microwire shows 

higher photocurrent and photo-responsivity than its thin film device below 500 nm wavelength. 

This experiment result suggests the possibility of fabrication of photo-sensitive 1-D 

nanowire of another material which have similar structure by simple solution-process, and 

their application to optoelectronic devices such as phototransistor or photodevice. 
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2.3. Nanoparticle-embedded magnetically-alignable organic wire 

2.3.1. Introduction 

For many years, researchers reported various method of aligning nanowires onto device substrate. 

For example, there is a method which used polydimethylsiloxane (PDMS) mold as a filtering disk.[33] 

By filtering nanowire dispersed ethanol solution, aligned nanowire are deposit on the surface of 

substrate. Another example of aligning nanowire is using droplet-pinned crystallization (DPC) 

method.[34] In this method, nanoribbon crystal growth starts at the edge of semiconductor solution into 

the center of solution, where silicon wafer is located. This method also can be used for growth of 

nanowire if the condition is controlled. 

Nanowire alignment by interactions with chemically patterned surfaces is good for fabrication 

device which need a precise control of deposition point.[35] The deposition site of the nanowires 

strongly depends on the surface chemical functionality. The site of deposition point can be controlled 

through weak molecular interactions of nanowire with chemically patterned surface and can be 

achieved under proper deposition condition. 

Langmuir-Bodgett method also can be used for nanowire alignment.[36] Nanowire dispersed 

solution on a liquid should make a monolayer to align all the nanowires. By dipping a hard template 

into the solution by vertically and lift up slowly, the aligned nanowire will deposited on the surface of 

template. This alignment method is useful for highly aligned nanowire, but need some conditions. The 

nanowire solution should make a monolayer on the liquid, and should not be aggregated. 

These alignment method is widely researched for a years because this alignment method is 

needed for the fabrication of massive production of nanodevices using nanowire. Here, we noticed 

that if nanowire itself can aligned by a real-time external force such as magnetic field, it can 

enormously increase the controllability of nanowire alignment. 

Iron oxide nanoparticle (Fe3O4 NP) has magnetic properties of attraction or repulsion by 

existence of external magnetic field. There are many examples of a research that nanoparticle property 

applied to inorganic nanowires and exhibited magnetic properties with them. But, still there is lack of 

iron oxide nanoparticle embedded organic nanowire. It is expected that the magnetically activated 

nanoparticle embedded organic nanowire will be aligned by external magnetic field. 
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2.3.2. Experimental & Result 

For the fabrication of iron oxide nanoparticle embedded nanowire, we bought a Fe3O4 

nanoparticle which have average <50 nm particle size in solid state. On the other hand, BPE-PTCDI 

solution was prepared in reflux system. 2 mg of BPE-PTCDI was dissolved in 4 mL o-DCB and 

stirred by 500 rpm at 175 °C under reflux system. After BPE-PTCDI solution changed into yellow-

orange color, the entire magnetic stirring bar was removed from the flaks. Then, proper amount of 

Fe3O4 nanoparticle in solid state was immediately inserted into the solution and keep stirred until 

solution becomes room temperature. After cooling solution, it was filtered with 0.22 μm anodic 

aluminium oxide (AAO) disk and dispersed into ethanol solution, and finally obtained iron oxide 

nanoparticle embedded BPE-PTCDI nanowire. 

To investigate nanoparticle embedded nanowire, external magnetic field was applied by manually. 

Figure 14a shows optical microscope image of alignment of nanowire by magnetic field. By change 

the magnetic field direction, all the nanowire rearranged immediately. Figure 14b shows OM image of 

fabricated nanoparticle embedded nanowire device. In Figure 14c and d, we can assume that there are 

two case of nanoparticle embedded nanowire. The first case is nanoparticle is attached on the surface 

of the nanowire, like Figure 14c. And the other case is Figure 14d, which shows nanoparticle 

embedded nanowire and this is ideal case for embedded nanowire. Because almost whole nanowire 

was aligned by external field, we can assume that both cases actually contain iron oxide nanoparticle. 

  

Figure 14. (a) Optical microscope image of aligned nanowire in ethanol. Scale bar is 200 μm. (b) Optical microscope image of iron 

oxide nanoparticle embedded nanowire field-effect transistor device. Scale bar is 40 μm. (c,d) SEM image of nanoparticle embedded 

nanowire. (c) shows nanoparticle attached on the surface of nanowire, (d) supposed to nanoparticle embedded nanowire. 
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We fabricated iron oxide nanoparticle embedded nanowire field-effect transistor device by spin-

coating the nanowire solution on highly n-doped silicon wafer with 300 nm silicon oxide. To 

investigate that the iron oxide nanoparticle embedded nanowire has a memory effect, we also 

fabricated pure BPE-PTCDI nanowire field-effect transistor, and their thin film structured device. For 

more complicated comparison, one of BPE-PTCDI thin film device doped by spin-coating of iron 

oxide nanoparticle dispersed solution. 

In Figure 15, four graphs shows the result of electrical characteristics of (a) pure thin film device, 

(b) thin film with iron oxide nanoparticle device, (c) pure BPE-PTCDI nanowire device, (d) iron 

oxide nanoparticle embedded nanowire device. Memory sweep of Figure 15a and 15b both shows that 

there is no memory effect. BPE-PTCDI thin film was already reported that there is no memory effect 

in the thin film structure, but shows memory effect in the nanowire structure only when they have 

small enough diameter. Also Figure 15c,d shows there is no memory effect in the BPE-PTCDI 

nanowire sample. This result means iron oxide nanoparticle cannot induce memory effect to both 

BPE-PTCDI thin film and nanowire. 

Figure 15. 10 Times transfer sweep of BPE-PTCDI (a) pure thin film, (b) nanoparticle spin-coated thin film, (c) 

nanowire, (d) nanoparticle embedded wire. 
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2.3.2. Conclusion 

We fabricated an iron-oxide nanoparticle embedded nanowire by solution-process. Obtained 

nanowire can be aligned by external magnetic force in real-time. SEM image suggests that there 

should be two case of nanowire; attached and embedded nanoparticle. Field-effect transistor 

fabrication of nanoparticle embedded nanowire shows that iron-oxide nanoparticle cannot enhance the 

memory effect both of BPE-PTCDI thin film and nanowire. 

Although iron oxide nanoparticle embedded nanowire cannot shows a memory effect, still it has 

worth because they suggest new method of nanowire alignment by external magnetic force which is 

manually controllable. This kind of nanoparticle embedded nanowire can be used for next-generation 

device such as flexible organic sensors, RFID tags, and switching matrixes. 
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3. Conclusion 

In this thesis, we mainly described research about synthesis of novel structured branched wires 

and their structure analysis and electrical properties to investigate the electron transport mechanism of 

branched organic wires 

The main research of this thesis was synthesis of branched wire and study of their unusual charge 

carrier transport mechanism. By comparing the result of branched wire OFET device with thermally 

deposited BPE-PTCDI OTFT and single wire OFET device, we confirm that there is decrease of 

electron mobility by many of defect site in branched wire. 

Second research was fabrication of a highly photo-sensitive 1-D nanowires and characterization 

of their optical properties to compare with their thin film state. The fabricated DM-R microwire show 

higher electron mobility (1.61×10-1 cm2 V-1s-1) than its thin film structure (2.72×10-3 cm2 V-1s-1). Also, 

the fabricated DM-R microwire shows higher photo-responsivity than its thin film device under same 

light intensity (P = 500 μW). This significant enhancement of optical property promises that this DM-

R microwire can be used for various optoelectronic devices such as photo-detector or phototransistor. 

Third research was development of magnetically alignable nanowires and finds their electrical 

characteristics such as memory effect. Obtained nanowire can be aligned by external magnetic force 

in real-time. SEM image suggests that there should be two case of nanowire; attached and embedded 

nanoparticle. Field-effect transistor fabrication of nanoparticle embedded nanowire shows that iron-

oxide nanoparticle cannot enhance the memory effect both of BPE-PTCDI thin film and nanowire. 

From above three researches, we advanced the development of fabrication of 1-D organic 

semiconductor nanomaterials and their optoelectronic applications 
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