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Abstract 

FACILE TWO-DIMENSIONAL 

NANOSCALE PATTERNING 

METHODS: VERTICAL ORGANIC 

TRANSISTOR GATE AND PHOTONIC 

CRYSTAL STRUCTURE 

APPLICATIONS  

DONGHYUN KIM 

DEPARTMENT OF ELECTRICAL ENGINEERING 

AND COMPUTER SCIENCE 

COLLEGE OF ENGINEERING 

SEOUL NATIONAL UNIVERSITY 

In this dissertation, vertical organic field-effect transistors (VOFETs) and 

photonic crystal polymer light-emitting diodes (PCPLEDs) were fabricated. Facile 

nanopatterning methods, holographic lithography, and nanosphere lithography 
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(NSL), which do not require costly experimental equipment, were used to make 

nanostructures and to achieve better performances in these applications. 

Nanoscale patterning technologies have contributed to the significant 

improvements in computing area allowing enhancement of unit electrical device 

performances and high density device integrations. Also, demands for 

nanofabrication methods have been increasing in many research fields other than 

electronics, constantly. Photolithography has leaded the development of 

nanofabrication methods. However, it is not cost-effective in low-cost applications 

and large-area fabrications. In many applications, the nanostructures of the devices 

have simple periodic forms and these can be fabricated without an assistance of any 

conventional lithography methods. 

Therefore, alternative lithography methods, utilizing various physical 

phenomena have been developed and two kinds of facile nanolithography methods, 

holographic lithography and NSL have been demonstrated in this study. One-

dimensional and two-dimensional periodic nanostructures with various periodicities 

ranging from 300 nm to 800 nm, could be fabricated on various kinds of substrates 

using holographic lithography and their periodicity could also be easily modified by 

changing incident angles of laser beams. Two-dimensional patterns could be 

fabricated by NSL with a Langmuir-Blodgett method and a dry-rubbing method in a 

hexagonal close-packed phase. 

VOFET devices, which are characterized by a short channel length, possibly 

obtained from a thickness control of organic semiconductor layers, were fabricated 

on a silicon substrate and a quartz substrate. Additional insulating structures 

including oxidized sidewall of gate electrode gained from the in-situ plasma 

oxidation process were introduced to solve large gate leakage current issues. Also, 

two-dimensional nanostructures with channel opening sizes ranging from 400 nm to 
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500 nm, were fabricated using the holographic lithography and following reactive-

ion-etching (RIE) process, to enhance the switching properties of VOFET devices. 

Therefore, better switching characteristics of high on/off ratio about 103 could be 

achieved with suppressed gate leakage current levels in pentacene VOFETs. Also, 

high current density driving capability could be obtained by an enhanced hole 

injection property when ITO was used as anode materials. Further simulation studies 

on optimized VOFET structures such as thicker gate electrode, thinner insulating 

structures with good insulating properties, reduced semiconductor overdeposition 

and patterned source/drain electrode structures were performed and some guidelines 

for the future development of VOFET devices were presented. 

Photonic crystal (PC) structures were introduced to the PLED fabrication to 

overcome the low outcoupling efficiencies originated from the total internal 

reflection (TIR) in the substrate/anode interface. Holographic lithography and RIE 

were used as a nanopatterning method which made periodic photonic crystal 

structures with a period of 400 nm, on the quartz substrate. Sol-gel deposited 

gallium-doped zinc-oxide (GZO) film was used as an anode of PLED. High optical 

transmittance (> 80 %) and good electrical conductivity (~ 100 Ω/□) with a smooth 

surface could be obtained by solution coating of GZO. Unlike conventional organic 

light-emitting diodes (OLEDs) using PC structures, which contain additional 

planarization layers on the nanostructured surfaces, solution-processed GZO anode 

planarized the PC groove and therefore further planarization process was not 

required. Attributed to the enhanced outcoupling characteristics, PCPLED device 

using GZO anode has shown two-fold increased current and power efficiencies. 
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Chapter 1 

Introduction 

1.1 Lithography technologies and their applications 

 

There have been enormous demands for nanoscale patterning technologies 

to enhance the performance of electrical and optical devices and to expand the future 

possibilities in other corresponding research area. Especially, silicon-based transistor 

devices have achieved significant improvements in computing area with high 

density memory devices, optical sensors and other electronic applications. The key 

technology for boosted performances of these electronic devices has been a 

nanoscale device fabrication technique. By applying nanoscale patterning methods, 

the unit size of transistor-based electronic devices and other application devices 

could be significantly reduced and more devices could be integrated in a limited 

substrate area. Owing to dramatically improved photolithography resolution, the 

channel length of a unit transistor could be reduced to 22 nm in commercial products 
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(Example: Intel® Core i7-4980HQ Processor) which enables high-speed operations 

with low power consumptions. The transistor counts, the number of transistors in the 

integrated circuit devices, have been increased and have reached to over 109 

currently (Example: Oracle SPARC M7), according to Moore’s law (Figure 1.1) [1]. 

 

 

Figure 1.1 The number of transistors per microprocessor chip versus time (Source: 

Proc. IEEE [2]) 

 

Photolithography (or “optical lithography”) is a widely used patterning 

process in a micro/nanofabrication which selectively removes parts of a thin film or 

a bulk area with an assistance of photoresists, light sources and photomasks. By 

exposing photoresist coated area into the light sources, the chemical properties of 

photoresist are changed and these different chemical properties enable the selective 

removal of photoresist film in the exposed/unexposed region according to the type 

of photoresist, positive-tone photoresist/negative-tone photoresist, respectively. The 

resolution (R) of photolithography is determined by the diffraction limit of light 

sources and optical exposure systems and follows the formula described below  
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R =
  

  
 

where λ is the wavelength of the light source, and NA is the numerical aperture of 

the lens apparatus. k is the specific factor with a range between 0.6 and 0.8. [3] 

Increasing NA value and reducing wavelength (λ) of the light source contribute to 

the improved photolithography resolution. Typically, reducing wavelength approach 

has been investigated to enhance resolution because of technical challenges in 

making high NA optical setup. Therefore, the wavelength of light used in 

photolithography has been gradually reduced to deep ultraviolet (DUV) region to 

obtain high resolution patterns and currently extreme ultraviolet (EUV) light sources 

with a wavelength of 13.5 nm are investigated [4]. Other than using light sources, X-

ray, electron beam, focused ion beam which have controllability in wavelength has 

been investigated [5-7]. Alternative way of obtaining shorter wavelength could be 

achieved through changing media where the sample would be exposed, not changing 

the light source. The wavelength (λ) of light in a certain media, not in vacuum or air, 

changes as following formula 

λ =
         

 
 

where n is the refractive index of the media. Shorter wavelength which is reduced by 

the factor of n could be obtained with conventional light sources. Because several 

technical challenges associated with using EUV have not been solved clearly, this 

immersion medium, especially for 193 nm immersion lithography still has been 

widely used. However, most nanoscale patterning methods including 

photolithography have required complicated equipment setups and high maintenance 

costs which increase the overall fabrication costs. Especially, the usage of these 

lithography processes is limited in large area fabrication which exceeds the wafer 
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size like flat-panel display (FPD) fabrication, due to the low throughput. 

 

 

Figure 1.2 Mobility and process temperature requirements of various 

semiconducting materials (Source: Plastic Logic) 

 

In organic electronic applications, the trend of reducing the size of unit 

electronic devices has been developed in the similar way as in silicon-based devices 

and there have also been large demands for micro/nanoscale patterning technologies 

to improve device performances. In general, the microscale patterns have been 

fabricated through shadow mask patterning during vacuum deposition process. 

Though many improvements have been made in vacuum deposition techniques such 

as using fine metal mask (FMM) during deposition, sub-micrometer scale patterns 

are hard to be obtained due to the technical challenges in metal shadow masks and 

deposition process. Still, sub-micrometer scale patterns are fabricated through 

photolithography process in organic electronics. However, conventional photoresists, 

developers and other chemicals are not feasible due to the chemical damage to 
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organic materials used in organic devices during lithography process. In these 

consequences, other categories of photoresists and developers which have 

chemically orthogonal characteristics to organic materials and metals also have been 

developed to utilize photolithography in organic electronics [8-10]. 

In organic thin film transistor (OTFT) fabrications, nanoscale patterning is 

usually required in obtaining short channel length. Making shorter channel length 

has been believed to be the most efficient way of improving the performances of 

OTFTs. Although recent studies have reported high mobility using enhanced 

crystallization and molecular packing [11-13], organic semiconductors used in 

OTFTs usually have lower carrier mobility than that of other materials which are in 

competitive positions, like amorphous silicon (a-Si), polysilicon, and oxide 

semiconductors (Figure 1.2). To compensate the low performances originated from 

the low mobility, structural approaches enhancing device performances have been 

attempted. The drain current of OTFTs in saturation region, for example, is 

described with a similar form as silicon-based transistor described below [14] 

   =
1

2
    

 

 
(   −    )

  

where IDS stands for a drain-source current, μ for a carrier mobility, Cox for a gate 

capacitance of OTFT, VGS for a voltage between gate and source, and Vth for a 

threshold voltage. W represents a channel width and L is a channel length of OTFT. 

All other parameters are fixed value dependent to the inherent material 

characteristics or not have chances to change significantly. But W/L value can be 

modified easily by changing the structure of OTFTs. Hence making high W/L values 

by reducing channel length has been attempted with several nanopatterning 

techniques [15-17]. 

Nanoscale patterning is also essential to enhance the properties of 
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optoelectronic devices like light-emitting diodes (LEDs) and organic light-emitting 

diodes (OLEDs). Recently, there have also been growing demands for tinier feature 

sizes in OLED fabrications due to the commercialization of high resolution display 

panels. Unit pixel size has been reduced to 50 μm to achieve high resolution display 

pixel. Currently FMM approaches have been used to fabricate high resolution 

active-matrix (AM) OLED display, but some attempts using conventional 

photolithography and photolithography with an orthogonal patterning have been 

made to meet the future demands for the higher resolution display [10]. As the pixel 

density of display has been grown rapidly in recent years, the demands for nanoscale 

patterning in display devices would also be expanded and current metal mask based 

patterning would not be feasible to make smaller devices. Moreover, optical 

structures with nanoscale patterns have often been used to enhance outcoupling 

efficiencies of the devices, since most portion of the light generated in the light-

emitting devices is captured within the device. Proper light-extraction structures 

have been introduced to further extract the light and to increase the efficiency, and 

these optical structures usually involve nanoscale unit structures. 

In many applications, the nanostructures of the devices have simple 

periodic forms and these simple structures can be patterned without an assistance of 

conventional lithography which requires sophisticated equipment setups and process 

conditions, provided proper physical phenomena that can make periodic patterns. 

Some kinds of alternative lithography techniques have been developed from several 

physical effects including interference of light, self-assembly of unit structure, 

selective wetting properties induced by irritations, and differences in adhesion forces 

[18-21]. Alternative lithography methods have been limited to the laboratory scale 

fabrications, but they are very useful since they often offer cost-effective way of 

making simple nanostructures without an investment to the nanofabrication facilities. 
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And these techniques are developed by many researchers to gain a capability of 

mass production. 

It is important to find simple methods to make nanoscale structures 

utilizing physical phenomena which fulfill the purpose of the nanostructures. 

Therefore, facile nanoscale patterning methods that can meet the demand for 

nanoscale fabrications in optoelectronic applications would be presented in this 

dissertation. Especially, the feasibility of holographic lithography which utilizes the 

light interference and nanosphere lithography (NSL) that makes use of self-assembly 

of nanoparticles will be discussed. Two kinds of electrical and optical applications, 

vertical organic field-effect transistors (VOFETs) and photonic crystal polymer 

light-emitting diodes (PCPLEDs) would be fabricated and examined, to support the 

usefulness of these nanofabrication methods. 
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1.2 Overview of this dissertation 

 

This Ph.D. dissertation will present the studies on the facile nanoscale 

patterning methods and their applications in an optoelectronics area. The nanoscale 

patterning techniques can be characterized as simple techniques which enable the 

simple periodic nanostructures in a large area. With nanofabrication techniques 

developed, two kinds of applications which can maximize the merit of them would 

be demonstrated. 

This thesis consists of five chapters including Introduction and 

Conclusion. 

Chapter 1 deals with the current status of lithography technologies with 

several technical issues. Brief trends on nanofabrications in organic electronics 

applications are described. 

Chapter 2 introduces two kinds of nanoscale lithography methods, 

holographic lithography and NSL. These two types of simple nanofabrication 

methods are explained by the theory and experimental results, and the feasibility of 

two methods is discussed. 

Chapter 3 describes the vertical organic field-effect transistors (VOFETs). 

Several solutions for the current issues of vertical type organic transistor devices 

would be presented and the effectiveness of the solutions would be discussed, 

including the introduction of nanoscale channel structure patterned by holographic 

lithography. 

Chapter 4 explains the methods of making photonic crystal (PC) structures 

in polymer light-emitting diodes (PLEDs) and their effect of enhanced light-

extraction efficiencies. The electrical and optical characteristics of solution-
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processed conductive oxide material, gallium-doped zinc-oxide (GZO), its 

planarization effect in PC structure, and its application in PCPLED are discussed. 
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Chapter 2 

Facile Patterning Techniques for Two-

dimensional Periodic Nanostructures 

2.1 Introduction 

 

The increasing demands for microscale and nanoscale patterning methods have 

enlightened the possibilities of facile nanopatterning methods which were used in 

restricted applications for special purposes. In most cases, photolithography has 

capabilities of satisfying such demands since various noble breakthrough solutions, 

which enable the nanofabrications of arbitrary structures, have been developed in the 

light source, optical apparatus, and photoresist area. For making simple reciprocal 

structures, however, nanoscale photolithography process is not cost-effective due to 

the extremely high equipment prices and maintenance expenses which are not 
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feasible in laboratory-level usage even though it has powerful advantages in a mass 

production level with a fixed pattern. According to the kinds of nanostructure that 

would be fabricated, other simple patterning techniques with a better flexibility can 

be used instead of using photolithography process. 

One-dimensional and two-dimensional periodic structures often have been used 

in optical applications such as linear polarizer films and photonic crystal structures 

in LEDs and solar cells [1-6]. Bioengineering applications like a microcup array also 

have demanded two-dimensional structures [7]. Since nanoscale patterning methods 

are needed to maximize the performance of the components, various kinds of 

nanolithography techniques have been utilized to fabricate nanoscale periodic 

structures. Alternative approaches often utilize the useful physical phenomena that 

can help making periodic structures. Interference of light, self-assembly of particles, 

and wetting/de-wetting of fluids and other physical insights have been developed 

into the lithography techniques. These alternative lithography methods have often 

given fine patterned results that conventional photolithography method has offered 

[1-6, 8-10]. 

In this chapter, therefore, two types of nanolithography methods, holographic 

lithography and nanosphere lithography (NSL) techniques will be discussed. Both 

lithography techniques have common advantages in making two-dimensional 

reciprocal patterns, while they have technical challenges in offering arbitrary and 

complicated print. They do not need any photomask and complicated experimental 

setup. They can be performed in a laboratory scale but also be scaled up into the 

large-area fabrications. In the following sections, more detailed experimental results 

would be presented. 
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2.2 Holographic lithography 

2.2.1 Theory and experimental setup of holographic lithography 

Holographic lithography, often called as laser interference lithography (LIL) 

is a maskless lithography technique that utilizes the interference of light. It is useful 

in fabricating periodic patterns at a large area which exceeds wafer size. After 

Thomas Young first demonstrated the interference of light with a double slit 

experiments in 1801, this physical phenomenon was developed into the interference 

lithography techniques. Continuous-wave laser is often used as a light source since it 

has monochromatic wavelength and sufficiently long coherent length [11]. At the 

intersection of two coherent laser beams, the interference pattern of line grating 

would be formed as shown in figure 2.1. When two monochromatic waves coincide, 

the intensity is expressed as a following equation [12] 

I = |  ( ) +   ( )|
  

where U1(r) and U2(r) represents each standing waves. When dependence of r is 

omitted for the convenience, phase information of waves can be contained in φ1 and 

φ2, and will be described as follow. 

  =     
    

  =     
    

Therefore, the interference equation will be obtained by substituting U1(r) and U2(r) 

into the intensity expression described above. 

I = I + I + 2          

and  

φ = φ −φ  
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Figure 2.1 Interference of two coherent beams, and parameters used in the equations 

describing intensity, incident angles, and the period of interference patterns. 

 

 Figure 2.1 assumed that two standing waves of the same intensity (I0) have 

equal wavelength of λ, and have angle of θ1 and θ2, between each beams and the 

normal direction of the exposed surface. And the expression of the standing waves 

and the intensity in the exposed surface (z = 0) can be rewritten as following forms. 

  =     
 (               ) 

  =     
 (               ) 

 = 2  (1 +       (     +      ) , ( ℎ  	 = 0) 

Interference intensity at the exposed surface will have a periodical form 

and the period of the interference patterns can be calculated from the interference 

equation since k (wavevector) is 2π/λ, therefore the period of the line grating 

interference image is presented as a following equation. 
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Λ =
 

     +      
 

 

 

Figure 2.2 (a) A brief experimental setup diagram of Lloyd’s interferometer, and (b) 

examples of photoresist patterns after holographic lithography process. One-

dimensional line pattern, two-dimensional hole pattern (using negative-tone 

photoresists), and two-dimensional pillar pattern (using positive-tone photoresists), 

respectively. 

 

Though various kinds of holographic lithography setup exist according to 

the numbers of laser sources and optical components, Lloyd’s mirror interferometer 

is widely used in a laboratory scale manufacturing, due to the simplicity of setup. 

Figure 2.2 (a) shows Lloyd interferometer setup that was used in this study. He-Cd 
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laser with a wavelength of 325 nm and a power of 30 mW (IK3301R-G, Kimmon 

Koha) was used as a light source. The laser beam was expanded when it passed the 

spatial filter consisted of an objective lens of microscope and a pinhole. The mirror 

was placed perpendicular to the sample surface and the incident angle was 

controlled by rotating sample stage, without additional beam alignment. In this setup 

θ1 and θ2 in figure 2.1 will be changed into the single θ value which means the beam 

incident angle perpendicular to the sample surface. Thus, the period of one 

dimensional grating pattern (Λ) is defined as 

Λ =
 

2    
 

With a single exposure to the interference patterns, one-dimensional 

periodic line structure would be obtained. To have two-dimensional structures, 

multi-beam interference or multi-exposure method should be used. In Lloyd’s 

interferometer setup, multi-exposure method was used. According to the type of 

photoresists, two-dimensional pillar array (with positive-tone photoresists) and hole 

array (with negative-tone photoresists) can be fabricated with orthogonal or 

hexagonal alignments. (figure 2.2 (b)) Though only simple periodic structures are 

discussed in this thesis, several researches on making various shapes and high order 

structures have also been conducted by other researchers using multi-beam approach 

[13-15]. 

 

2.2.2 Experimental procedures 

Holographic lithography involves photoresist coating process, exposure to 

the interference patterns that laser and optical setup generates, photoresist 
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developing and following etching process. These processes are illustrated in figure 

2.3. 

 

 

Figure 2.3 Schematic diagrams of holographic lithography process 

 

Prior to the lithography process, the substrate that would be patterned was 

coated with 50 nm of chrome (Cr) layer or 100 nm of aluminum (Al) which would 
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give a reflective surface and a relatively hard etch-resist mask by e-beam 

evaporation or thermal evaporation performed in a high-vacuum condition (< 5 × 10-

6 Torr). The sample was carefully cleaned with aceton and isoprophyl alcohol (IPA). 

In this study, a negative-tone photoresist (DNR-L300, Dongjin semichem) was used. 

The photoresist was coated on the substrate by a spin-coating process. Before the 

coating process, the thickness of the photoresist was reduced to 100 nm by diluting 

it with a thinner (DPT-1700, Dongjin semichem) and controlling spin-coating speed 

(3000 ~ 4000 rpm) to prevent the side-effect that could be arisen from thicker 

photoresists.  

The sample was exposed to the holographic light that He-Cd laser and 

interferometer setup generated, at the rotating stage which had pre-defined incident 

angle of laser beams. Single exposure was made to obtain one-dimensional line 

grating patterns. To have two-dimensional periodic hole array patterns, two-step 

exposure was performed. After the sample was exposed to the laser interference 

pattern in one direction, it was rotated in an orthogonal direction to make 

orthogonally aligned hole patterns. Exposed samples were developed with developer 

(AZ®-300) and rinsed with de-ionized (DI) water. The developer was diluted with 

DI water to have sufficiently long developing time and process controllability. The 

fill-factor of the hole, that is defined as a ratio of hole size to the whole unit area 

could be controlled by changing developing times. 

After establishing holographically patterned photoresist patterns, dry-

etching process using reactive ion etching (RIE), and wet-etching process utilizing 

acidic solution based etchant were performed. Chlorine (Cl) based gas mixture was 

used to etch Cr and Al in RIE process, and the etching depth was controlled by the 

etching time, not by RF power and other etching conditions. The deposited film or 

bulk substrate was etched by RIE with a pre-defined hardmask. Since etched 
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materials varied according to the purpose of the experiments, detailed etching 

conditions would be presented in other chapters. In wet-etching process, Cr etchant 

(CR-7) and Al etchant (AL-12SK) were used to completely etch and remove Cr and 

Al layer, respectively. However in some cases, AZ®-300 developer was utilized to 

etch Al layer since it partially dissolves Al. 

 

2.2.3 Results and discussions 

One-dimensional line patterns and two-dimensional photoresist hole array 

patterns after developing of photoresist are presented in figure 2.4. These patterns 

were fabricated on silicon substrates without a deposition of Cr layer. Since polished 

silicon substrate also had reflective surfaces, same holographic lithography results of 

photoresist patterns could be obtained with only subtle changes in exposure times 

and developing times. Even in a transparent substrate such as glass and quartz 

substrate, nanoscale photoresist patterns could be fabricated when proper exposure 

and developing conditions were supplied. The line pattern shown in figure 2.4(a) 

has a period of 400 nm and the hole array pattern seen in figure 2.4(b) has a period 

of 500 nm. The difference in the incident angle between two different periodicities 

was 5.008 ˚ and this value was almost same as the result calculated from the formula 

(5.004 ˚). 
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Figure 2.4 (a) One-dimensional line pattern and (b) two-dimensional hole array 

pattern fabricated on silicon substrates after photoresist developing. 

 

Two-dimensional Cr hole array patterning by RIE process or chemical wet-

etching process was performed to engrave patterns in various films. Figure 2.5(a)-(c) 

shows the patterned results of Cr film (50 nm), film stack of SiNx (50 nm) / Al (100 

nm) / SiNx (50 nm) / Cr (50 nm), and Al film (100 nm) respectively. The first two 

results were etched by RIE and the last one was obtained by aluminum etchant based 

chemical wet-etching process. All these results have a single period of 500 nm. Cr 

film was deposited to have reflective surfaces and etch resist hardmasks. It could be 

etched by Cl based RIE process with a 1:1 selectivity to the photoresist used in the 
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experiments. As a result, Cr layer could be patterned in nanoscale as the photoresist 

patterns had. With a patterned Cr hardmask, several layers beneath Cr could be 

etched step by step. Fluorine based etching gas chemistry during SiNx RIE etching 

did not damage Cr layer seriously, until relatively thick SiNx which was about 1 μm 

in thickness were completely etched out. Al etching gas chemistry also did not affect 

Cr damage due to the lack of oxygen during RIE process and Cr film could sustain 

Al etching condition until 300 nm of Al film was etched out. Therefore multilayer 

stack structure could be successfully patterned by an introduction of Cr hardmask as 

seen in figure 2.5(b). In addition to RIE process, wet-etching can be utilized to have 

well patterned films. After making photoresist pattern, the sample was dipped into 

Al etchant and rinsed with DI water. Figure 2.5(c) shows the two-dimensional hole 

array engraved in an 100 nm thick Al film. Similar etched results that were patterned 

by RIE processes could also be obtained by wet-etching method. It was also feasible 

to pattern Cr layer with Cr etchant. 
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Figure 2.5 Two-dimensional hole array engraved on various kinds of thin films. (a) 

a Cr film patterned by RIE, (b) a multi-layer film stack of SiNx/Al/SiNx/Cr patterned 

by RIE, (c) an Al film patterned by chemical wet-etching. 
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2.3 Nanosphere lithography (NSL) 

2.3.1 Theory and methods of NSL 

Nanosphere lithography (NSL), often called as colloidal lithography (CL) 

is a powerful fabrication technique producing nanoparticle arrays that would act as a 

deposition mask of other materials, an etch-resist layer during plasma etching, or 

functional templates for other applications. NSL offers a simple method to make 

periodic two-dimensional patterns. By assembling nanospheres, such periodic 

patterns can be simply obtained in a large area. 

NSL begins from the self-assembly of nanospheres to fabricate a two-

dimensional colloidal crystal structure. Size-monodisperse nanospheres are usually 

chosen for the NSL but two types of particles or more with different diameters have 

been selected for special purposes in some cases. Monodisperse nanospheres have 

various sizes ranging from tens of nanometers to tens of micrometers. They can be 

synthesized by wet chemistry such as polymerization and sol-gel methods [16, 17]. 

Organic materials such as polystyrene latex, poly(methyl methacrylate) (PMMA) 

and melamine, and inorganic compounds like silica are widely chosen materials for 

making nanospheres. These nanospheres are assembled into the two-dimensional 

monolayer colloidal crystals of hexagonal-lattice. Nanosphere assembly is a key step 

for the NSL and this usually determines the quality of the final results. Assembled 

two-dimensional colloidal crystal template in NSL is directly used as a deposition 

mask, a photomask and an etch-resist layer, but often deposition of metals is 

involved to fabricate harder template with an inversed image. And finally 

nanospheres are removed by a sticky adhesive tape mechanically, or by dissolving 

with solvents and acids. 
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Several methods assembling nanospheres into a two-dimensional colloidal 

crystal have been developed and some of them are shown in figure 2.6. They can be 

classified into some categories according to the physical background used in a 

nanosphere assembly. Convective assembly during solvent evaporation, fishing and 

lifting-off of pre-assembled nanosphere array, and mechanical migration of 

nanoparticles using external forces have usually been involved. 

 

 

Figure 2.6 Various methods of obtaining two-dimensional nanosphere assembled 

crystals. (a) Vertical deposition, (b) Spin-coating, (c) Langmuir-Blodgett method, 

and (d) dry-rubbing. 
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 Solvent evaporation methods are based on the balance of capillary force 

and convective transport of the nanospheres. This balance contributes to the self-

assembly process and the quality of assembled results is mainly affected by the 

evaporation rates of solvent. Drop-casting, controlled convective deposition like 

blade coating, vertical deposition using dip-coating method [18-21] (figure 2.6(a)) 

and spin-coating method [22-25] (figure 2.6(b)) are based on this physical 

background. This approach can be applied to a large area fabrication, but several 

crystallization defects often have been occurred due to the technical challenges in 

controlling process factors. In a simple drop-casting process, the temperature and the 

humidity during solvent evaporation are key process parameters. [26] These 

environmental factors are also important in controlled evaporation methods such as 

doctor-blade coating [20] and dip-coating [21], which make thin film of nanosphere 

and solvent mixture prior to the solvent evaporation, but drawing speed during 

spreading step can be act as a controllable factor which contributes to high quality 

assembly results. 

 Spin-coating method (figure 2.6(b)) allows a rapid fabrication of the 

nanosphere assembly since the solvent evaporation is accelerated. The quality of the 

templates is affected by the spin-speed, size of the nanospheres, and wetting 

property of colloidal suspension. In many cases, a carefully designed step-wise spin-

speed recipe, which controlled the centrifugal force that had the opposite direction to 

the capillary force, was used to obtain well-ordered results in a large area [22, 25]. 

 Langmuir-Blodgett (LB) technique (figure 2.6(c)) has been proven to be a 

useful method to organize colloidal particles. Unlike the evaporation-based 

processes, nanospheres should be floated on the liquid media during the process [27-

31]. The colloidal crystal assembles at the interface between liquid and air (or two 

different liquids) and assembled monolayer of nanospheres floating on the liquid 
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surface is transferred to the substrate. The balance of attractive capillary force and 

van der Walls force, repulsive electrostatic and dipole force affects to the assembly 

process [32]. Therefore, controlling these forces by adjusting the chemical 

composition of the colloidal dispersion and the liquid media is a crucial factor for 

obtaining well-ordered assembly results in addition to the wetting properties of the 

substrate. Modifying pH values and additions of various surfactants have been tried 

to get better assembly results [32].  

Recently, dry-rubbing process (figure 2.6(d)) has been reported to 

assemble nanospheres in an arbitrary substrate of various materials and shapes [33]. 

Nanospheres used in this process are not mixed with any solvents as in other types 

of assembly process. Dry-phase nanospheres usually form self-assembly stacks of 

few layers or many layers. Since they are pre-assembled in short range order, proper 

external force should be applied to spread and form a monolayer in a wider area. 

External forces are applied by rubbing nanosphere piles with a rubber. The careful 

balance of the adhesion force among nanospheres, substrate, and rubber is needed to 

obtain good results. 

Nanospheres are usually assembled in a hexagonal close-packed (hcp) 

phase. To make non close-packed (ncp) assembly results, additional process should 

be involved, or some variations during assembly process should be supplied. A ncp-

aligned colloidal crystals can be obtained by reducing unit nanosphere size 

assembled in a hcp-phase. RIE process has been used to reduce nanosphere size 

maintaining inter-particle distances [30, 31]. A hcp-assembled crystals can be 

moved to the stretchable platform, and transferred to the target substrate in stretched 

condition to give spaces between particles [34]. In other ways, a ncp-aligned 

nanosphere crystal can be done by modifying process conditions. Introducing 
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polymer matrix to nanosphere suspensions during a spin-coating process, using oil-

based liquid media in LB methods have been reported [32]. 

 

2.3.2 Fabrication process and results of nanosphere assembly process 

using Langmuir-Blodgett (LB) method 

Langmuir-Blodgett (LB) methods in NSL was attempted to obtain two-

dimensional monolayer of nanospheres by self-assembly. The term LB means the 

monolayer film prepared from liquid-gas (or liquid-liquid) interface and transferred 

to the solid substrate. Therefore, the experimental procedures involved the self-

assembly of nanospheres in a water/air interface and transferring assembled results 

to a substrate. 

Polystyrene nanospheres, which were monodisperse in size were purchased 

from Duke Scientific (3100A), and had an average diameter of 102 nm. They were 

dispersed in the form of 5.1 % w/v solution in DI water. After further diluted by 

mixing with an equal amount of ethanol, the polystyrene nanosphere suspension was 

dispensed onto the surface of DI water filled bath. The suspension was injected 

through a syringe needle attached to the syringe pump, to give a slow flow rate. The 

silicon wafer was placed in DI water bath prior to the injection of the nanosphere 

suspension, with an oblique angle. The nanospheres were assembled into the close-

packed two-dimensional hexagonal lattice. A small amount of sodium dodecyl 

sulfate (SDS) was added to the bath to control the surface tension of DI water. The 

transfer process was done by slowly draining the DI water from the bath by a 

syringe pump. Assembled nanospheres were moved to the substrate when they were 
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contacted to the substrate. The experimental setup and the experiment procedure are 

illustrated in figure 2.7. 

 

 

Figure 2.7 The experimental setup and procedures for LB method. (a) Dispensing a 

nanosphere suspension into the DI water bath, (b) Self-assembly of nanospheres, (c) 

Draining DI water, and (d) Transfering to the substrate. 
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 The assembled results were examined by SEM images and they are 

presented in figure 2.8. In a short range, nanospheres were well ordered with a 

close-packed hexagonal lattice. However, this could not be scaled up into the larger 

area. Several voids and cracks were observed. Also, in some region, dual layers of 

colloidal crystals were found. These unprepared results could be arisen in both 

assembly step in the interface and the transfer step to the substrate. Nanospheres 

should be assembled in the interface between two adjacent media, thus they have to 

be floated on one media. However, some portion of them might be sunken due to the 

convective motion of nanosphere suspensions during spreading step. In the other 

hands, particles might take place just beneath the assembled crystal of other 

nanospheres and could not participate in the formation of a monolayer. If 

nanospheres were consolidated during the transfer process, particles that could not 

contribute to the monolayer crystal would be a major defect site, which resulted in 

multi-layer formations. The convective migration during a transfer process can also 

be an issue in obtaining high quality monolayer films. As suffered in evaporation-

based methods, the particle migration can be appeared during transfer/dry step of LB 

method, and this usually resulted in coffee-ring effects. Uneven deposition results 

mainly attributed to the surface energy mismatch between the substrate and the DI 

water. In many literatures associated with LB methods, the substrate was used after 

cleaned by sulfuric acid (H2SO4) and hydrogen peroxide (H2O2), so called piranha 

cleaning or SPM cleaning, since it enhances the hydrophilicity of the surfaces. But it 

is not feasible in following experiments that can be resulted in the damaged 

properties of devices, as well as the contamination from usage of surfactants. 

Therefore, other methods should be utilized to have two-dimensional monolayer 

colloidal crystal assembly in multiple film stacked substrate cases. 
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Figure 2.8 NSL results obtained from LB method. (a) Dual layer formation in some 

regions. (b) Occurrences of voids in certain area. 

 

2.3.3 Fabrication process and results of nanosphere assembly using 

dry-rubbing method 

Dry-rubbing method was also examined to make nanosphere assembled 

results. Simple rubbing of nanospheres dispensed on the substrate in dry phase 

would be resulted in the monolayer crystal formation through mechanical migrations 

of nanospheres [33]. 

Silica nanospheres, which were monodisperse in size with a diameter of 

0.49 μm (8050FMT, Duke Scientific) were selected in this experiment. They were 

delivered in the form of a suspension dispersed in DI water. For a rubber material, 

polydimethylsiloxane (PDMS) was chosen. PDMS elastomer (Sylgard® 184, Dow 
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Corning) was prepared by mixing an elastomer base with a curing agent in the ratio 

of 10 : 1. The mixture was cured on the hotplate preset as 100 ℃ for 20 mins. 

Silicon wafer and quartz wafer were used as the substrates. Polystyrene-block-

polybutadiene-block-polystyrene copolymer (SBS) with a styrene contents of 30 wt.% 

and an average molecular weight of ~140,000 (Sigma Aldrich) was coated on the 

substrates after dissolved in toluene at 1 wt.% to have adhesive surfaces. Silica 

nanosphere suspension was dried and a couple of dry fragments were dispensed on 

the substrate. The nanosphere flakes were rubbed with PDMS chunks. 

Figure 2.9 shows a photograph of a monolayer two-dimensional lattice of 

the nanosphere array, and magnified images taken by FE-SEM. The assembly 

process was performed on the 4-inch quartz wafer and well-ordered result could be 

observed by a diffraction patterns just after the rubbing process. High-quality hcp 

lattice was obtained just by a simple rubbing process in a relatively large area and 

this can be scaled up without any complicated experiment setup. Though some 

boundaries were arisen from the lattice mismatch, nanospheres were assembled 

periodically with a long-range order even in the large area. Some flaws could be 

occurred in a rubber film coated on the substrate due to the mechanical scratch 

during the rubbing process, and this should be resolved by optimizing rubbing 

conditions such as pressure, drawing speed, material selection and mixture ratio. 

 Material options of nanospheres were limited due to the plastic deformation 

and aggregation of nanospheres during the rubbing process. Thus relatively hard 

materials should be used to obtain high-quality crystals. However, dry-rubbing 

process was powerful when it can be applied to any arbitrary shaped surfaces since 

the simple rubbing could finalize the assembly process. Also no involvement of 

liquid media had possibilities of reducing contamination issues which might be 

come from several additives. 
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Figure 2.9 Photograph and SEM images of two-dimensional monolayer nanosphere 

lattice. 
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2.4 Conclusion 

 

In this chapter, two types of alternative lithography process were discussed. 

These two lithography methods, holographic lithography and NSL, could be 

characterized as a capability of fabricating two-dimensional periodic nanostructure 

in a large area, easily. The processes were simple and could be performed in a large-

area fabrication. Theoretical and experimental studies on these alternative 

lithography processes were performed. 

Holographic lithography, which utilizes the interference of two or multiple 

coherent laser beams, was demonstrated to make one-dimensional and two-

dimensional nanoscale periodic structures. The spatial distribution of interference 

intensity and the periodicity were estimated by theoretical studies and calculations in 

a general expression and a specific case of Lloyd’s interferometer setup. 

Experimental processes, which involved substrate preparations, photoresist coating, 

exposure, developing and hardmask etching processes were performed and the 

results obtained from these processes well-matched to the estimations made before. 

Holographic lithography could be applied to the fabrication of various nanoscale 

structures in bulk substrate and multiple layers of film stacks. 

Various kinds of NSL methods, based on the self-assembly of nanospheres, 

were introduced, and brief physical backgrounds and previous studies were 

explained. Among them, LB method and dry-rubbing method were demonstrated. 

Possibilities in fabricating two-dimensional periodic structures in a large area were 

supplied by the experimental results though some defects in crystals in the final 

results were found. A proper selection in an assembly method was needed according 

to the purpose of the experiments. 
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Two simple nanopatterning methods discussed in this chapter have 

advantages in making nanoscale reciprocal structures in a simple way. Therefore, 

they would contribute the development of various kinds of applications which need 

nanoscale patterning, with a great flexibility. 
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Chapter 3 

Vertical Organic Field-Effect 

Transistors (VOFETs) 

3.1 Introduction 

3.1.1 Previous efforts to obtain short channel length in OTFTs 

Organic thin-film transistors (OTFTs) have attracted many interests of 

researchers due to the low process temperature and inherent mechanical flexibility. 

However, the charge carrier mobility of OTFTs has been limited to ~ 1 cm2/Vs 

levels, even though several crystallization techniques and single crystal of organic 

semiconductors have helped increasing their mobility. [1-3] Though many attempts 

in material science level to enhance the carrier mobility of organic semiconductor 

have been made, more researches are required to obtain better results with organic 

semiconducting materials in simpler and more reliable process. 
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Many attempts obtaining shorter channel lengths in OTFTs have been 

made as alternative approaches that compensate the low mobility of organic 

semiconductor. As described in the introduction of this thesis, shorter channel 

length contributes to the enhanced performances of OTFTs using organic 

semiconductors with relatively poor carrier transport characteristics compared to 

other competitive counterparts. Photolithography, e-beam lithography and other top-

down approaches have been applied to obtain sub-micron scale channel lengths [4-

7]. Also, some researchers have introduced the nanoimprint lithography [8, 9] and 

other soft lithography techniques to obtain shorter channel length. A large effort 

making short channel length has been made by many researchers also in printed 

OTFT area, since the short channel length is also essential to make high-

performance printed OTFTs. Therefore, high-resolution inkjet printing methods 

have been developed, as well as other alternative approaches such as using 

sacrificial structure which defines the channel of transistor [10-14]. 

 

3.1.2 The concept and advantages of vertical organic transistors 

Conventional lateral OTFT structures inevitably needs nanopatterning 

methods to have short channel length of sub-micron scale, usually from top-down 

approaches or introducing sacrificial structures transferred from other templates 

fabricated with nanopatterning methods. However, these approaches often require 

high fabrication costs to be easily applied in a large area and some contamination 

issues from using sacrificial structure have been arisen. One alternative approach to 

obtain short channel length of sub-micron scale is using a vertical structure. In a 

vertical configuration of transistors, short channel length can be obtained in a simple 
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manner, by controlling the thicknesses of active materials. Hence, no top-down 

approaches in obtaining nanoscale channel length are not necessary in vertical type 

transistors. 

 

 

Figure 3.1 Current path blocking from cracks within transistor channels. (a) 

Breakdown of current path when a crack is occured within a channel region of 

lateral OTFTs. (b) Possibility of stable switching operation in vertical type 

transistors even though some cracks occurred within the channel area. 

 

 In a mechanical flexibility aspect, vertical transistors have some advantages 

superior to the conventional lateral transistor structure. Though organic 

semiconducting materials have inherent mechanical flexibility, several cracks and 

defects can be occurred by applying bending stress as depicted in figure 3.1. If some 

cracks take place within the channel region of lateral OTFTs due to several reasons, 

current paths are blocked and no charge carriers can move from the source electrode 

to the drain electrode. So, small defects generated from the mechanical stress break 

the whole transistor device operations. In contrast to the lateral type transistors, 

charge carrier movements and current conduction would be directed in the vertical 

directions. Though some defects and cracks occur inside the devices, the rest portion 

of the device still can be operated normally. [15] In combination with material 
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flexibility of organic semiconductors, vertical structure has powerful advantages in 

flexible electronic devices. 

 

3.1.3 Classification of vertical organic transistor structures 

 

Figure 3.2 Several types of vertical organic transistors. (a) Step-edge type, (b) 

metal-insulator-semiconductor (MIS) type, and (c) static-induction transistor (SIT) 

type 
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Several types of vertical structures have been reported during the last two 

decades which enable the nanoscale channel lengths. Figure 3.2 shows the various 

vertical type OTFTs reported so far. Briefly, step-edge type, metal-insulator-

semiconductor (MIS) type, and static-induction transistor (SIT) type vertical organic 

transistors have been investigated. 

Step-edge type vertical structure (figure 3.2(a)) is a primitive structure to 

achieve vertical organic transistor configurations. In this type of vertical transistors, 

the channel length would be defined as a thickness of an insulator which constructs 

the vertical structure [16-22]. The vertical structure was usually made with 

photoresists or harder templates. On a source electrode, a photoresist was coated, for 

example [16]. And another electrode would be deposited which would act as a drain 

electrode and photomask for following photolithography process. The exposed area 

would be removed and this made the vertical channel structure. The devices were 

finalized by coating or thermally depositing organic semiconductor layer, gate 

insulator layer and gate electrode layer on a vertical structure sequentially. Some 

variations of material selections can be applied, but the overall structures of this type 

of vertical transistors previously reported, were similar to each other. Because this 

type of vertical devices only changes the orientation of channel region in vertical 

direction, the characteristics of the transistor devices are almost similar to the lateral 

OTFTs with short channel length. High current modulation capability which can be 

obtained from the scaling effect can hardly be achieved with this type of vertical 

structure. 

MIS-type [23] and SIT-type VOFETs [24] have been investigated to be 

utilized in display pixels for about 20 years, leaded by K. Kudo research group. 

These structures have several advantages in integrating light-emitting functional 
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devices into the switching devices. Just stacking light-emitting layers could 

transform these types of VOFET into the vertical organic light-emitting transistors 

(VOLETs) which have advantages of VOFET and OLED simultaneously. 

MIS-type VOFETs have a different device geometry compared to other 

types of transistor devices [23, 25-29]. The gate electrode has been placed in the 

bottom of the device and the source electrode are inserted in the middle of the 

device which is separated from the gate electrode by an insulating layer. Organic 

semiconductors and drain electrode are deposited on the top of the source electrode. 

MIS-type vertical transistor device looks like a stack of a capacitor and a diode. 

Charge carriers would be induced at the interface of source electrode and 

semiconductor layer by adjusting gate bias. Induced charge carrier flows through the 

organic semiconductor between source and drain electrode when certain voltage 

differences are made, therefore the current could be modulated by the gate bias. 

Because MIS-type VOFET has some advantages in stacking functional devices like 

OLEDs on the top of the source electrode, several attempts to make VOLET using 

this structure have been tried. K. Kudo demonstrated simple display pixel arrays 

with MIS-OLET structure [23, 25]. And A. G. Rinzler research group also has 

investigated this type of device using CNT-based source electrodes [26, 27]. It is 

known that making proper source electrode structure is technically challenging 

which should have porous and ultra-thin morphology to hold charge induced from 

the gate electrode. Therefore, introduction of charge blocking layer on the source 

electrode and microscale patterning of source electrode have often been used to 

obtain proper transistor characteristics. 
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Figure 3.3 Diagrams of current flows and energy levels near gate electrodes, when 

VOFETs are (a) off-state and (b) on-state. [35] 

 

SIT-type VOFET devices adopt buried gate electrode within the active 

materials of transistors, and placed source and drain electrodes on the bottom and 

the top of the device. The current flow occurs between source and drain electrode 

and the channel length of VOFET is defined as the thickness of the semiconductor 

material. The current flow is modulated by changing gate bias and controlling the 

carrier density which affects the conductivity of semiconductor near the gate 

electrode [30-34]. Proper formation of Schottky barrier near the gate electrode is the 

key enabling factor for the successful current modulation. The mismatch between 

the work function of the gate metal and the highest occupied molecular orbital 

(HOMO) level of the semiconductors forms Schottky contact, and energy barrier 

which makes a sparse carrier density near the junction inhibits the carrier movement 

to the gate electrode and the current flow between source and drain electrode. If we 

assume that the organic semiconductor of VOFET is p-type, as most organic 

semiconducting materials are, the device would be on-state when negative bias is 

applied to the gate electrode. Owing to the lowered energy barrier near the gate 
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electrode, holes can flow between source and drain electrode easily. But the device 

would be turned to the off-state when positive bias is applied to the gate electrode, 

and the current flow would be inhibited near the gate electrode due to the higher 

energy barrier. (Figure 3.3) 

 

3.1.4 Technical issues on SIT-type VOFET devices 

Unfortunately, SIT-type VOFET devices have often suffered large gate 

leakage current issues. If proper Schottky junction might be generated near the gate 

electrode, this issue would not be significant. However, obtaining Schottky junction 

between metal electrode and organic semiconductor layer is quite challenging and 

requires high-purity fabrication environments such as ultra-high vacuum conditions. 

If one fails to obtain proper junction characteristics, large defects and trap sites 

would be occurred and they would assist the carrier movement to the gate electrode, 

which would be resulted in a large gate leakage current. This high gate leakage 

current level becomes more problematic when VOFETs are in off-state. When large 

gate leakage dominates the current flow between source and drain electrode, one 

cannot obtain proper switching characteristics of transistor devices. Or one would 

get reduced switching properties which would be quantified in reduced on/off 

current ratio. Some solutions to solve this technical issue should be introduced to 

obtain VOFETs with better switching characteristics [36, 37]. 

Demands for simple nanoscale patterning methods have also been grown in 

VOFET fabrications. Though short channel length of the device could be achieved 

easily, by simply controlling thickness of the active material, nanopatterning 

techniques to make small hole arrays or line arrays were needed to make devices 
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with better switching properties. Because the effect of applied bias should be 

reached to the whole area that semiconductor fills, each channel should have 

sufficiently small size to have better gate bias controllability. Though some studies 

have reported acceptable switching characteristics even in microscale pitch among 

gate electrodes, it is known that shorter pitch and smaller unit cell size contribute to 

the enhanced switching properties [38, 39]. Hence, K. Kudo research group tried 

conventional e-beam lithography making nanoscale pitch of gate electrodes [38]. H. 

-F. Meng group has often utilized nanosphere shadow mask to make channel pores 

with a diameter of 100 nm, though they were randomly distributed [33, 34]. Thus, it 

is essential to making well-aligned nanoscale channel openings with a simple 

fabrication method. With nanopatterning methods introduced in the previous chapter, 

it can be achieved to make well-ordered one-dimensional or two-dimensional 

reciprocal nanopatterns easily. 

In this chapter, therefore, several modifications in SIT-type VOFETs would 

be introduced, and the major issue of SIT-type VOFETs, large gate leakage current 

levels and reducing unit channel area, would be discussed. To reduce large gate 

leakage, additional insulating structure surrounding gate electrode would be 

employed. Insulating layer would be deposited to the bottom and the top of the gate 

electrode. Because making insulating layer on the sidewall of the VOFET gate 

electrode is quite challenging, in-situ plasma oxidation process during dry-etching 

process was utilized. For a nanopatterning method, holographic lithography was 

selected due to its maskless property and possibilities in making well-aligned 

reciprocal nanostructures. As a result, switching properties of VOFET could be 

obtained which was not appeared well in the previous microscale VOFET structure. 

Moreover, higher current density levels were achieved by improving charge carrier 
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injection properties from the plasma treatment effect when the source electrode was 

replaced to indium-tin-oxide (ITO) electrode.  
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3.2 Reduced gate leakage current by introducing additional 

insulation structures through in-situ plasma oxidation process 

3.2.1 Motivation 

 

Figure 3.4 Various SIT-type VOFET structures. (a) Conventional organic SIT 

structure. (b) Oxidized gate electrode formation during evaporation. (c) Insertion of 

the bottom insulator. (d) Insulating structures surrounding gate electrodes. 

 

Normally, SIT-type VOFETs have buried type gate electrode within the active 

materials. To enable this structure, multiple step deposition using thermal 

evaporation has been used as illustrated in figure 3.4(a) and this is the primitive 

SIT-type VOFET structure. On a source electrode, the first layer of organic 

semiconducting layer was deposited without patterning. The metal layer which had 

lower work function than the HOMO level of the semiconductor deposited below, 

was deposited with gate patterns. Finally another semiconducting layer with the 
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same material as used in the first semiconducting layer and the drain electrode were 

deposited. These procedures were often performed in ultra-high vacuum conditions 

to minimize the side effects come from improper Schottky junction generation 

between semiconductor and gate electrode. 

As described in the previous section, however, obtaining perfect Schottky 

junction is difficult and the maintaining high purity condition is not cost-effective. 

Thus, another approaches which ensure stable operation of VOFET have been 

needed like introduction of insulating structures. Some research groups have tried to 

make insulating layer in certain region near the gate electrode, as depicted in figure 

3.4(b)-(c). K Kudo group utilized oxidized aluminum gate electrode to reduce gate 

leakage current, by not giving sufficiently high vacuum condition during thermal 

evaporation step of gate electrode [36]. The oxidized aluminum gate surfaces 

suppressed the gate current during transistor operations. However, the low vacuum 

condition which was introduced to oxidize the aluminum surface might affect 

characteristics of organic layer deposited previously. H. -F Meng group has placed 

PVP dielectric layer between gate electrode and source electrode. Because PVP 

insulating layer would be patterned by the oxygen plasma with pre-patterned 

aluminum gate electrode, thin oxidized aluminum surface could be obtained during 

the patterning process [37]. However, more reliable and stable insulating structure 

with a possibility of controlling process parameters is needed. Therefore, advanced 

insulating structure surrounding gate electrode was investigated. (Figure 3.4(d)) 
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3.2.2 Fabrication process 

 

Figure 3.5 Schematic diagrams of (a-d) fabrication processes of VOFETs, and (e) 

finalized VOFET devices [40]. 
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The brief fabrication process steps and schematic configuration of the 

fabricated VOFETs are visualized in figure 3.5. Heavily-doped p-type silicon 

substrate was used as a substrate, as well as a drain electrode in this study. After 

carefully cleaned with aceton and isopropyl alcohol (IPA), the first silicon nitride 

(SiNx) layer, an aluminum layer, and the second SiNx layer were deposited 

sequentially. Also, a thin chrome layer, which would act as a hardmask during RIE 

process, was deposited on top of the vertical stack. SiNx layers were deposited by 

plasma enhanced chemical vapor deposition (PECVD) and their thickness was about 

50 nm. Metal layers, aluminum and chrome, were deposited by e-beam evaporation. 

The thickness of aluminum layer was 100 nm and that of chrome hardmask was 50 

nm (figure 3.5(a)). In this section, the channel diameter was fixed to 2 μm to verify 

the effectiveness of insulating structures introduced in VOFET devices. Two-

dimensional hole arrays with a unit hole diameter of 2 μm were obtained by 

photolithography. After depositing each layers, photoresist (AZ®-1512) was spun-

coated, the coated sample was exposed to ultraviolet(UV) lamp with a pre-defined 

photomask patterns clamped by mask aligner (MA-6), and developed in a developer 

(AZ®-300) corresponding to the photoresist. With a two-dimensional pattern, 

chrome hardmask, upper SiNx insulating layer, and aluminum electrode layer have 

been etched by RIE process (figure 3.5(b)). 

Aluminum is easily oxidized when exposed to the oxygen plasma. Hence, 

to build insulating structure on the sidewall of gate electrodes defined by RIE, the 

sample was exposed to the oxygen plasma. After a careful cleaning process with 

photoresist remover (AZ®-700), aceton, IPA and DI water to remove photoresist 

residue, the sample was placed in RIE chamber. To give plasma species more 

efficiently, the sample was tilted in the plasma chamber during the oxidation process 

(figure 3.5(c)). Because the unit hole had circular shape, the oxidation processes 
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were performed four times in four different directions to obtain uniform oxidation 

results. Then, remaining SiNx layer and the chrome hardmask residue were etched 

by RIE with the same etching condition used in the upper SiNx layer and chrome 

hardmask etching, respectively. The specific etching gas flow rate, chamber pressure 

and RF power for each layers constructing VOFET stack are described in Table 3.1. 

 

Table 3.1 RIE conditions for various kinds of materials used in VOFET fabrications 

Material Cr Al 
Al 

(Oxidation) 

SiNx 

(Quartz) 

(1) Gas Name / Flow Rate (sccm) O2 / 20 Cl2 / 10 O2 / 100 O2 / 5 

(2) Gas Name / Flow Rate (sccm) Cl2 / 20 BCl3 / 40 - CF4 / 50 

Chamber Pressure (mTorr) 100 50 100 55 

RF Power 50 150 70 150 

Etch Rate (nm / min) 10 - 15 100 - 120 - 50 - 80 

 

Pentacene has been used as an active material of VOFET. VOFET structure 

fabricated through stacking process, photolithography process and RIE process, put 

into the thermal evaporator and pentacene active layer and gold electrode which 

would act as a source electrode were thermally evaporated (figure 3.5(d)). The 

pentacene (Tokyo Chemical Industry, P0030) was deposited to have sufficiently 

thick film thickness which exceeded the step height of vertical structure and it was 

240 nm. The film was deposited with a relatively high deposition rate for organic 

semiconductor and the deposition rate of pentacene was 3 Å/s. The gold electrode 

was also deposited at high deposition ratio of 2 Å/s and had thickness of 100 nm. 

 



 

54 

 

 

Figure 3.6 FE-SEM images of (a) VOFET structure after RIE process, and (b) 

finalized pentacene VOFET device. 

 

Figure 3.6 is a cross-sectional view image of unit pentacene VOFET 

device after RIE process, and pentacene/gold deposition process, taken from FE-

SEM. Circular shape channel opening area could be observed in both images. In 

figure 3.6(a), the cross sectional image represents the vertical structure of VOFET 

after RIE process, shows each layers of lower SiNx, aluminum, upper SiNx, and 

chrome layer patterned with photoresist pattern coated above. RIE process could 

give fine structures of VOFET because photoresist was sufficiently thick (> 800 nm) 

and the layers covered by the photoresist pattern were not damaged during RIE 
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process. Pentacene and gold layer successfully deposited in the channel groove as 

seen in figure 3.6(b). 

 

3.2.3 Simulation study 

 

Figure 3.7 Simulated (a) transfer characteristics and (b) gate leakage current levels 

of VOFET device. The period of the device was set as 2 μm and device pixel size 

was assumed to be 1 mm2. 
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Before making VOFETs with additional insulating structures including 

oxidized sidewall of gate electrodes, computerized simulation was performed to 

estimate the effectiveness of insulating structures. Figure 3.7 illustrates the 

simulated transfer characteristics and gate leakage current results of VOFET. The 

simulated device structure had a periodicity of 2 μm and device pixel size of 1 mm2. 

SiNx insulating structure was placed at top and bottom of the gate electrode, and the 

only difference was  the existence of oxidized sidewall. The effectiveness of 

oxidized gate surface was examined by changing the thickness of aluminum oxide 

(Al2O3) layer that were expected to be appeared during in-situ plasma oxidation 

process. As we can see in the simulated results, no observable switching 

characteristics was appeared in unoxidized case. This phenomenon is thought to be 

come from the large gate leakage current in unoxidized gate structure, and large gate 

leakage affects and dominates the drain current of VOFETs. In contrast to the 

unoxidized case, large gate leakage was not shown in oxidized gate structure 

because Al2O3 model used in this simulation was assumed to have perfect insulating 

property. Because the gate leakage was reduced almost to zero level, drain current 

could be modulated by changing gate bias resulted in the on/off ratio level.  

The large gate leakage current issue could be more problematic when one 

would make smaller gate pore structure using nanopatterning methods. If we assume 

that the fill factor of gate opening area to the whole gate area is fixed (25 % for 

example), effective area of gate junction between the gate electrode and the 

semiconductor would be increased while the overall area of channel opening would 

be unchanged. The effective junction area of the VOFET pixel (Sgate) can be 

calculated by multiplying the number of VOFET unit devices to the junction area of 

a single device as follow 
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Figure 3.8 Simulated (a) transfer characteristics and (b) gate leakage current levels 

of VOFET device. The period was set as 500 nm and device pixel size was assumed 

to be 1 mm2. 

 

     =   ℎ ×  
 

2 
 
 

=
 ℎ  

4 
 

where D and h stand for the diameter and height of unit gate groove, respectively 

and L means the pixel width of VOFET. Some assumptions were made that the unit 
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gate pore had circular shape, the pixel had square shape and the diameter of unit gate 

opening was half of the period. Also the overall channel opening area could be 

obtained by the following equation. 

        =   
 

2
 
 

×  
 

2 
 
 

=
   

16
 

 As one can see in both equations, the junction area would be expanded if 

one makes smaller unit gate structure. Therefore gate leakage would be increased 

even if the current density was maintained to the same amount. This expectation can 

be supported by the simulated results depicted in figure 3.8, the transfer 

characteristics and the leakage current properties of VOFET device with a unit 

period of 500 nm. As a channel opening size of VOFET has been reduced, little 

changes in drain current versus applied gate bias were observed. The gate leakage 

current level exceeded the drain current level. This means that the transistor device 

was not worked as a switching device. Therefore, proper insulating structures which 

inhibit the direct contact of the gate electrode to the semiconductor is needed to 

ensure stable transistor device operations. The simulation parameters used in this 

study summarized in table 3.2 and figure 3.9. 

 

Table 3.2 Simulation parameters used in this study 

Source Electrode Material Au Semiconductor Pentacene 

Drain Electrode Material Au Doping Concentration 1 × 1014 cm-3 

Top Insulator Material Si3N4 Mobility 0.1 cm2/Vs 

Bottom Insulator Material Si3N4 Width = Period 

Side Insulator Material Al2O3 Duty Cycle 50 % 
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Figure 3.9 Simulation structure 

 

3.2.4 Results and discussions 

The transfer characteristics and leakage current levels were measured by 

sweeping gate bias using a probe station and a semiconductor analyzer (HP Agilent 

4155C) in a dark condition. Figure 3.10 shows these results acquired from the 

unoxidized VOFET samples that have unit channel opening diameter of 2 μm and 

pixel size of 0.25 mm2. As estimated from the simulated results, large gate leakage 

current levels were appeared, especially in the off-state (the positive gate bias 

regime). Even though some modulations in drain currents were appeared, the on/off 

current ratio of the unoxidized VOFET device has been limited to about 5 when a 

high drain voltage to obtain desired drain current level was applied. Also, these large 
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leakage dominated the drain current in the off-state and proper on/off behavior was 

hardly observed in a practical usage. 

 

 

Figure 3.10 (a) Transfer characteristics and (b) gate leakage currents of unoxidized 

VOFET device with a unit channel opening size of 2 μm 
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Figure 3.11 (a) Transfer characteristics and (b) gate leakage currents of 

oxidized VOFET device with a unit channel opening size of 2 μm [41] 

 

In case of oxidized samples, however, significant suppressions in gate 

leakage currents were found as seen in figure 3.11. The large gate leakage currents 

were not appeared even in the off-state of VOFET devices and it was reduced to less 

than 1 % level of unoxidized counterparts. So, the switching behavior was improved 
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to have on/off ratio of 15 in oxidized samples. Notably, the reduced leakage current 

did not affect the drain current modulation behaviors in both on- and off-state. 

Reduced gate leakage current was also appeared at other samples with a 

smaller unit gate opening diameter of 1 μm. Figure 3.12 compared the gate leakage 

currents of VOFET devices with oxidized and unoxidized gate electrode surfaces. 

The gate leakage currents of oxidized case were lower than those of unoxidized 

counterpart in most gate bias regime. Especially, this suppression effect was more 

noticeable in the positive gate bias region, where p-type VOFET device would 

turned to the off-state. From these results, in-situ plasma oxidation process for gate 

electrodes was proven to be effective in obtaining reduced gate leakage, which is a 

critical factor to make high on/off ratio in VOFET devices. [41] 

 

 

Figure 3.12 Comparison of gate leakage current levels of VOFET devices with 

unoxidized/oxidized gate electrodes [40]. 
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3.3 Enhanced switching characteristics of VOFETs by 

making nanoscale channel openings with holographic 

lithography 

3.3.1 Motivation 

Reducing the unit cell size of VOFET has been thought to be an effective 

way of making higher switching characteristics of SIT-type VOFETs. Because the 

current modulation effect controlled by the gate voltage bias is limited to the Debye 

length of the semiconductor material used [42-44], sufficiently small channel 

structure is required to make proper switching operations in VOFET devices.  

Though the carrier concentration and the conductivity near the gate electrode could 

be changed by the gate bias, remaining area which is not affected by the gate bias 

does not contribute to the current modulation. Thus, sufficiently small channel 

region that can be affected by the gate voltages should be defined by micro/nano 

patterning methods. 

 Several attempts of obtaining nanosize channel region and enhancing 

switching characteristics of VOFET have been tested by many researchers. K. Kudo 

group has attempted to make OSIT devices with nanoscale channel lengths through 

e-beam lithography [38]. They also anticipated that reducing channel pitches would 

contribute to the better switching characteristics and proved the anticipation by the 

computational simulation results. Since e-beam lithography is a costly process to be 

utilized in a large area patterning, some groups have made nanosize channel pore by 

introducing relatively simple channel defining processes like nanosphere lithography. 

K. Kudo group and H. –F. Meng group have utilized polystyrene nanospheres to 

make porous patterns [33, 34, 45, 46]. Polystyrene nanospheres with diameters of 
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several hundred nanometers have been used as a sacrificial shadow mask during 

channel making process. After distributed on the bottom electrode, the rest of 

VOFET layers were deposited. Polystyrene nanospheres were removed by detaching 

process using sticky adhesive tapes and the detached porous area was defined as 

channel region. 

Except for some special cases [47], nanospheres used in defining channel 

region of VOFET were randomly distributed. Though these nanosphere lithography 

process can offer a simple way of fabricating nanostructures for VOFET devices, the 

characteristics of VOFET could not be anticipated without nanosphere ordering. 

Therefore, nanosphere lithography techniques that can offer well-aligned templates 

or other nanopatterning methods should be supplied to make stable device operation 

which can be anticipated. Holographic lithography has a capability of rendering 

well-ordered one-dimensional and two-dimensional nanostructures without any 

photomasks but it was not applied in electronic applications before. Though it has 

several advantages in simplicities in fabrication process and equipment setup, the 

usage has been limited to make optical applications due to its lack of position 

accuracy and technical challenges in making arbitrary shape. However, easiness in 

making nanoscale reciprocal structure offers an alternative way of patterning 

VOFET structure, so holographic lithography method was utilized in this section. 

 

3.3.2 Fabrication processes 

After obtaining the basic characteristics of SIT-type VOFETs by 

introducing additional insulating structures combined with an in-situ plasma 

oxidation process, enhancing the switching characteristic of VOFET was attempted 
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by scaling down unit channel opening size. Unlike two-dimensional microscale 

channel opening array used in the previous section, patterned by photolithography, 

the nanoscale channel array was patterned by holographic lithography in this section 

to fabricate well-aligned two-dimensional porous nanohole arrays which can 

contribute to the estimation of characteristics of VOFET devices. Substrates, 

materials, device structures and fabrication process were almost same as them 

described in the previous section. The only difference was the periodicity of unit 

channel region patterned by holographic lithography process, and it was fixed to 500 

nm. Detailed holographic lithography process was described in chapter 2, and RIE 

condition was supplied in the previous section. 

Figure 3.13 presents photographical images of VOFET templates before 

pentacene/gold deposition and finalized VOFET devices, and magnified SEM 

images (top-view and cross-sectional) of finalized VOFET device. Rainbow-like 

diffraction patterns that come from the interference of reflected light could be 

observed in all results due to the difference in optical paths and one can know that 

nanoscale structures were successfully patterned by the holographic lithography and 

RIE process. The pentacene and gold layer filled the channel grooves well because 

relatively high deposition rate, that is not common in most organic electronics area, 

was used to obtain smaller lateral grain size of pentacene. The small grain size may 

affect the device characteristics. But in vertical configurations, vertical mobility of 

organic semiconductor, which is different from conventional mobility of OTFTs, is 

more important and it has been reported that higher deposition rate contributes to 

enhance vertical carrier mobility of pentacene [48]. Moreover pentacene could not 

fill the hole and just covered the top of the hole due to the large grain sizes when 

lower deposition rate was used. Thus, it can be concluded from these images that 

nanoscale VOFET devices with pentacene active layer was successfully fabricated. 
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Figure 3.13 Photographs of (a) VOFET templates before pentacene/gold deposition 

and (b) finalized pentacene VOFET devices. And SEM (c) top-view and (d) cross-

sectional view of pentacene VOFET devices with a unit period of 500 nm [40]. 

 

3.3.3 Simulation studies of VOFET device operations 

Computerized simulation studies on the effectiveness of scaling down 

channel opening size were performed before actual device evaluation. The same 

device structure (oxidized case), semiconductor models and material properties as 

the parameters used in the previous section were utilized. The period of channel 

structure was the only variable factor in this study. Transfer, output characteristics 

and hole density distributions in certain gate voltages were examined. 
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Figure 3.14 Simulated (a) transfer and (b) output characteristics of VOFET devices 

with various periodicities. 

 

Figure 3.14 shows the transfer and output characteristics of simulated 

VOFET devices with various periods. The gate oxidation thickness was fixed to 5 

nm and the gate leakage current was assumed to be zero, because the effectiveness 

of plasma oxidation process was supported by theoretical and experimental results in 
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the previous section. As seen in the transfer characteristics (figure 3.14(a)), 

meaningful current modulation effects in drain currents could be found when 

VOFET had unit periods smaller than 2 μm, while no observable current modulation 

was appeared in the case of 20 μm. The on/off ratio get to the larger values as the 

period of simulated VOFET device became smaller. Though microscale channel 

patterning can offer basic transistor property, it could not give sufficiently high 

differences in drain current levels. From these, one can conclude that nanopatterning 

method should be utilized to obtain better switching properties of VOFET devices. 

Drain current saturation was not observed in the simulated results and that is 

common in vertical type transistor devices (figure 3.14(b)). 

Enhanced switching properties can also be explained by the conductivity 

changes in a channel area. This can be observed from the hole carrier concentration 

distributions within the transistor channels. Figure 3.15 and figure 3.16 visualizes 

them at on-state and off-state by applying negative bias (-2 V) and positive bias (+2 

V) to the gate electrode, respectively. When the device turned on, the hole 

concentration near the gate electrode increased, and one would have decreased 

concentration results at inversed case. The important factor is the effective area 

which can be controlled by the gate bias. In both cases, the changes in hole 

concentration by applied gate voltage were appeared greater in shorter period 

devices. The device with a unit period of 20 μm seems to have no changes in hole 

carrier density even if certain gate voltages are applied. This almost unchanged hole 

concentration distribution in the most part of channel area supported the poor on/off 

switching behavior in a long period case. Though some changes in hole 

concentrations occurred near the gate electrode, the portion of increased or 

decreased conductivity was too small to have meaningful current modulation effect. 
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Figure 3.15 Simulated hole concentration distributions in VOFET devices with 

various unit channel periodicities, when negative bias (-2 V) is applied to the gate 

electrodes. (a) 20 μm, (b) 2 μm, (c) 1 μm, (d) 500 nm, (e) 200 nm, (f) 100 nm. 
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Figure 3.16 Simulated hole concentration distributions in VOFET devices with 

various unit channel periodicities, when positive bias (+2 V) is applied to the gate 

electrodes. (a) 20 μm, (b) 2 μm, (c) 1 μm, (d) 500 nm, (e) 200 nm, (f) 100 nm. 

 

As the period gets shorter, down to the nanoscale, accumulated or depleted 

hole concentration could be observed near the gate electrode, though the portion of 

changed area was still low in microscale patterned devices. That would be resulted 

in enhanced switching behavior in drain current. Reduced off-state current which 
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come from depleted hole distribution near the gate, as well as enhanced on-state 

current from the consequence of denser hole distribution contributed better on/off 

current ratio and switching property. Therefore, it can be concluded that shorter 

channel length is also essential to make better VOFET device. 

 

3.3.4 Results and discussions 

The actual device was measured with a semiconductor parameter analyzer 

(Agilent 4155C) in the ambient and dark conditions, and the transfer characteristics 

and output results were plotted in figure 3.17. Pixel size of the measured device, 

which was defined as a size of Au source electrode deposited on top of the device 

was about 4 mm2. The device could be operated even in a low drain voltage region 

below 1 V and a low gate voltage of 2 V. The transfer characteristics were obtained 

while the gate voltage was swept from 2 V to -2 V with -0.02 V step and the drain 

voltages were increased from 0 V to -1 V with -0.2 V step. Due to the enhanced 

energy barrier and the depleted hole density near the gate electrode, current flow 

between source and drain electrode was suppressed when positive gate bias was 

applied. On the other hands, the drain current was increased due to the lowered 

energy barrier near the gate electrode and enhanced hole density, when negative 

voltage was applied to the gate electrode. On/off ratio was appeared up to about 103 

when -0.1 V was applied as the drain voltage [40]. As there were no charge injection 

methods such as inserting other thin injection layer before pentacene deposition, 

on/off ratio can be further improved if the hole injection property would be 

improved. Output characteristics were examined in the same voltage range as in the 

transfer curves, by sweeping the drain voltages from 0 V to -1 V with -0.01 V step, 
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and the gate voltages from 2 V to -2 V with -0.4 V step. As in other VOFETs, 

current saturation behavior was not shown in this VOFET device. Gate leakage 

current was maintained under hundreds of nano-amperes even if relatively large gate 

voltages were applied. 

 

 

Figure 3.17 (a) Transfer characteristics and (b) output characteristics of oxidized 

VOFET device with a period of 500 nm [40]. 
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The transconductance and output resistance of VOFETs have been 

extracted from the transfer and the output characteristics (figure 3.18). As expected, 

the transconductance of VOFET was enhanced as the gate voltage was increased in 

the negative gate voltage region. And output resistance was reduced in the negative 

voltage bias region and increased in the positive gate voltage region.  

 

 

Figure 3.18 Transconductance and output resistance of VOFET device at various 

gate voltage conditions. 

 

Because the mobility in vertical direction is usually different from the 

conventional lateral mobility used in lateral OTFTs, other methods should be 

introduced to calculate the acceptable mobility values. When the same mobility 

extraction process used in the conventional lateral OTFTs was utilized to calculate 

the semiconductor mobility of VOFET devices, extremely low carrier mobility 

would be obtained. Because many unit devices (with a unit period of 500 nm) that 

were integrated in the single pixel (4 mm2), about 16 million devices, which can be 
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thought as a scaling factor, should be counted during the mobility calculation. Even 

though the underestimation of mobility extraction which is come from the contact 

resistances in the source/drain contact was taken into account by using contact 

resistance free mobility extraction method like Y-function method, this scaling 

factor causes very low mobility which cannot be appeared in semiconducting 

materials. 

Therefore, the pentacene mobility used in VOFETs was obtained by the 

space charge limited current (SCLC) model which has been used to extract vertical 

mobility of organic semiconductors with two-terminal devices [47-49]. Current 

density to the applied drain voltage of VOFET was well-fitted to the SCLC model, 

when the gate was floated, and the pentacene vertical mobility was calculated by the 

following equation as a pentacene permittivity (εr) was assumed to be 6. 

J =
9

8
      

  

  
 

The calculated mobility value was 1.2 × 10-4 cm2/Vs, which is still a quite 

low value in conventional OTFTs, but common in vertical-type diode or transistor 

devices. Though VOFETs have shown low mobility compared to conventional 

OTFTs, the short channel length of VOFETs and a large number of channel 

openings covering VOFET pixels make a large current driving capability even in the 

low voltage regimes. 

As a result, reducing size of unit channel structure has been proven to be 

effective to enhance switching behavior of VOFET devices and holographic 

lithography could offer reliable nanostructure that contributed to the estimation of 

device characteristics. 
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3.4 Plasma treatment effects and enhanced charge carrier 

injection in pentacene VOFETs with ITO anodes 

3.4.1 Motivation 

In the previous section, it was noted that VOFET device had adopted no 

charge injection enhancement methods. However, some researches have reported 

that improved hole injection properties by introducing tunneling injection barriers 

contributed to the enhanced current levels and higher on/off ratio. For example, Y. 

Watanabe inserted an ultra-thin copper phthalocyanine (CuPc) layer to increase 

on/off behavior of OSIT device and this research was followed by a study 

investigating the effect of injection barrier to the performance of OSITs [35, 50]. 

Gold has been pointed out as a suitable metal which makes Ohmic contact with 

many kinds of p-type organic semiconductors which have HOMO levels around 5 

eV. However, other candidate materials, which can be used as an p-type electrode 

materials, such as indium-tin-oxide (ITO), have some possibilities that can be used 

as an anode if proper treatments lowering injection barrier were supplied. Self-

assembled monolayer (SAM), ultra-thin organic semiconductor layer, and plasma 

treatment can be used to obtain reduced injection barrier height. 

Due to the structure of VOFET used in this study which has additional 

insulating structure combined with in-situ plasma oxidation process, most methods 

suggested above could not be utilized to enhance charge injection. Aluminum 

electrode and SiNx insulating structures should be patterned through RIE process 

which possibly causes the etched organic film or damaged one during the plasma 

process. Moreover, SiNx layers were deposited by PECVD process which is a high 
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temperature process performed at 300 ~ 350 ℃. SAM and organic compounds 

could not be used and other approaches should be found. 

Heavily-doped silicon substrate was used as a substrate and an electrode of 

VOFET in the previous section, due to the process simplicity. However, silicon is 

easily oxidized even in the ambient atmosphere and makes protective thin silicon 

dioxide (SiO2) layer. Because RIE process which defined the VOFET structure used 

small amount of reactive oxygen plasma species, and because the thermal 

evaporation process of pentacene was performed at the different vacuum chamber, 

silicon substrate possessed the possibility of oxygen attack during transfer. 

Therefore, a conducting material that has better etch resistivity and inert 

characteristics to oxygen is needed. 

ITO has been a widely used anode material as a transparent electrode for an 

OLED. Though some issues on the scarcity of indium, a rare-earth material have 

been arisen recently, it still takes a representative transparent material position for 

optoelectrical applications. It does not change its optical and electrical properties 

significantly in the air. Many researches have been made to adjust work function of 

ITO that enabled better Ohmic junction to organic semiconductors. Among them, 

several papers reported that plasma treatment of ITO surface could offer higher 

work function than that of pristine one [51-53]. Because ITO is quite resistive to the 

chlorine (Cl) and flourine (F) based RIE process, this plasma treatment is a suitable 

process making better hole injection property of VOFET. 
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3.4.2 Fabrication processes 

Pentacene VOFET devices were fabricated using ITO as an anode 

materials. Instead of using heavily-doped silicon substrate, ITO film deposited on 

the quartz substrate was used. ITO was patterned by a photolithography process and 

following wet-etching process using a ITO etchant (LCE-12), to obtain anode 

patterns of a VOFET array. Following process of stacking layers, holographic 

lithography, RIE, and in-situ plasma oxidation process were almost same as the 

process described in the previous sections. Two modifications were made in this 

study. The first one was the sequence of RIE and oxidation process. Since ITO does 

not suffer significant damage from the plasma etching process condition of SiNx, but 

also has plasma treatment effects, the plasma oxidation process of gate electrodes 

was performed after complete etching of bottom SiNx layer. Another one was that 

period of VOFET device was changed to 400 nm in this case to further increase the 

switching characteristics. 4 × 4 VOFET device array structures fabricated on a 

quartz substrate are shown in figure 3.19. The region that looks like a color 

gradation is a gate electrode area that was holographically patterned. Because the 

anode and cathode were patterned to make array form, the pixel area of VOFET 

array is defined as a cross-section region of ITO electrode and gold electrode, and 

the size of pixel was 1 mm2. 
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Figure 3.19 Finalized pentacene VOFET array fabricated on the quartz substate [54] 

 

3.4.3 Results and discussions 

The transfer characteristics and output characteristics are presented in 

figure 3.20. High on/off ratio of greater than 103 was obtained due to the improved 

gate controllability originated from the further size reduction of the lateral pitch of 

gate electrode. More stable and higher drain current level could be obtained even at 

low voltage regime in comparison with VOFET devices fabricated on silicon 

substrates. Higher current density levels which have a capability of driving OLED 

devices have been achieved. This enhancement in drain current level was thought 

from better hole injection efficiency between pentacene and electrode, that was 

substituted from the doped-silicon to plasma-treated ITO. In addition to the 

avoidance of reduced injection from oxidized silicon surfaces, the plasma treatment 

effects that came from the RIE process and the plasma oxidation process of VOFET 

further elevated the injection properties. Several literatures reported that O2 plasma 

treatment and CF4 plasma treatment could help making higher work function of ITO 
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and better injection properties to p-type organic semiconductors [48]. Still, there 

would be more options which can contribute to obtain better hole injection 

properties in VOFET, though only an introduction of plasma-treated ITO was 

examined in this study. And high current driving capability would be gained further, 

if another methods reducing injection barrier are used. 

 

Figure 3.20 (a) Transfer characteristics and (b) output characteristics of a single 

pixel of pentacene VOFET array with an ITO anode [54]. 
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 Also, higher transconductance and lower output resistance value than those 

of silicon-based VOFET devices could be obtained (figure 3.21). Better injection 

characteristics with lower contact resistance may contribute to these better results. 

The mobility extracted through SCLC method was calculated as about 5.1 × 10-4 

cm2/Vs. 

 

 

Figure 3.21 Transconductance and output resistance of VOFET device fabricated on 

the quartz substrate, at various gate voltage conditions. 
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3.5 Structural optimization of VOFET devices 

3.5.1 Current technical issues on VOFETs 

Several methods making better switching characteristics in VOFET devices 

have been introduced in the previous sections. Oxidized gate electrode sidewall 

surface with additional insulating structures, channel diameter scaling down 

approaches, and hole injection enhancement have contributed to achieve better 

VOFET performances. Though the switching properties of VOFET could have been 

improved through these strategies, there are still some technical issues to be solved. 

VOFET devices have shown somewhat different switching behaviors 

compared to conventional lateral OTFTs. Though the performances of VOFET have 

continuously improved, they still have shown lower on/off current ratio and lack of 

drain current saturation. These characteristics have been pointed out as drawbacks of 

vertical organic transistor devices. To find the origin of these drawbacks and the 

future possibility of high performance VOFET devices, several simulation studies 

were performed. Effects from the modified gate electrode thicknesses, thinner 

semiconductor overdeposition, and patterned source/drain electrodes were examined 

by various simulation studies. 

 

3.5.2 The effect of thicker gate electrodes and thinner structural 

insulating structures 

First, the effect of thicker gate electrodes with thinner structural insulating 

layers was examined. The overall thickness of VOFET structure was not changed 

and fixed to 200 nm. The gate electrode thickness was varied (20 nm, 100 nm, 150 

nm and 180 nm). The thicknesses of structural insulating layers located at the above 
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and the below of the gate electrodes were also modified to have identical overall 

structure height. The structural parameters used in the simulation study were 

presented in figure 3.22 and table 3.3. In this simulation studies, wider voltage 

sweep ranges from -5 V to 5 V in gate voltages and drain voltages were used. Other 

simulation conditions were the same as before (table 3.2). 

 

 

Figure 3.22 Description of VOFET device simulation parameters 

 

Table 3.3 Structural parameters for simulation study 

 tins1 (nm) tgate (nm) tins2 (nm) tover (nm) Λ (nm) Fill Factor 

#1 90 20 90 100 200 / 500 1 : 1 

#2 50 100 50 100 200 / 500 1 : 1 

#3 25 150 25 100 200 / 500 1 : 1 

#4 10 180 10 100 200 / 500 1 : 1 

Gate oxidation thickness: 5 nm / Pixel size: 1 mm2 
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Figure 3.23 Simulated (a) transfer and (b) output characteristics of VOFET devices 

with various gate electrode thicknesses 

 

As seen in figure 3.23, which illustrated the transfer and the output 

characteristics of simulated VOFET devices, the switching characteristics of 

VOFETs were improved as the thicker gate electrodes were used and the thinner 

insulating structures were utilized. In most previous VOFET related studies, thin 

gate electrode about 20 nm in thickness has been used to obtain porous gate 
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electrode structure without patterning process and suppressed gate leakage current 

levels. Though thin gate electrode had advantages in lower gate leakages, it is not 

suitable for high performance devices as verified in this simulation study. Proper 

insulating structures to have suppressed gate leakage current levels are prerequisites 

for making thicker gate electrode and better VOFET devices. 

To maintain the overall channel length, the structural insulator thickness 

should be reduced when thicker gate electrode would be introduced. Due to the 

limitation of insulating properties of PECVD grown SiNx films, the insulating spacer 

thickness has been fixed to 50 nm for actual devices. Thickness of insulating spacer 

can be reduced if better insulating properties from other deposition methods such as 

atomic layer deposition (ALD) or self-assembled monolayer (SAM) techniques 

would be introduced. Better insulating properties of spacers would allow wider 

voltage sweep range without significant gate leakage current issues. 

In the high drain voltage regions, which exceeded the gate voltages, some 

current saturation like behavior was observed in the simulated output characteristics 

of VOFETs. This relatively high drain voltage is not common in most VOFET 

devices due to the limited insulating properties of insulating spacer, or Schottky 

junction properties between gate electrode and semiconductor. 

 

3.5.3 The effect of reduced semiconductor overdeposition thickness 

Overdeposition, which means the semiconductor region located on the 

vertical structure, not filling the channel groove, has been inevitably arisen from the 

deposition process of semiconductor materials. Especially, the overdeposited region 

would be thicker when vacuum deposition technique would be utilized because the 

same amount of semiconductor material to fill the channel grooves would also be 
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deposited on the vertical structure as seen in figure 3.13(d). Therefore, the effect of 

overdeposition should be examined to make better VOFET structures. 

 

Table 3.4 Structural parameters for simulation study 

 tins1 (nm) tgate (nm) tins2 (nm) tover (nm) Λ (nm) Fill Factor 

#1 50 100 50 0 200 / 500 1 : 1 

#2 50 100 50 20 200 / 500 1 : 1 

#3 50 100 50 50 200 / 500 1 : 1 

#4 50 100 50 100 200 / 500 1 : 1 

#5 50 100 50 200 200 / 500 1 : 1 

Gate oxidation thickness: 5 nm / Pixel size: 1 mm2 

 

The simulation conditions to examine the effect of overdeposition were 

presented in figure 3.22 and table 3.4. Figure 3.24 shows the potential distributions 

within the single vertical organic transistor device, when the overdeposition 

thicknesses were 0 nm, 100 nm and 200 nm. As seen in the results, most voltage 

drops were occurred near the electrical contact and overdeposited semiconductor 

region. The electrical potential within the channel region was not changed as a result. 

The potential difference between the center of the channel region and the gate 

electrode was not that high, when the thickness of overdeposited region was large. 
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Figure 3.24 Potential distributions when certain voltage conditions were applied to 

the simulated VOFET devices with a period of 500 nm 
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Figure 3.25 Simulated (a) transfer and (b) output characteristics of VOFET devices 

with various overdeposition thicknesses 

 

Therefore, the on/off current ratio was increased and on-state current level 

was enhanced as overdeposition thickness was reduced, as seen in the transfer 

characteristics of VOFET with various overdeposition thicknesses, plotted in the 

figure 3.25(a). Shorter channel lengths with reduced contact resistances in thinner 

overdeposition case may have affected this result. Especially, as seen in the output 
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characteristics (figure 3.25(b)), current saturation could be expected in the lower 

voltage region in case of thin overdeposition cases, owing to the reduced contact 

resistance. With this simulated result, it can be concluded that the current saturation 

characteristics can be appeared also in the vertical transistor structures, if 

sufficiently low contact resistance and electrical durability from high drain voltage 

condition would be provided. To achieve thinner overdeposited region, solution-

processed materials should be employed, due to the inherent impossibility of 

obtaining thin overdeposition with vacuum deposition techniques. Careful wetting 

property engineering in solution processed semiconducting materials is required to 

obtain reduced overdeposition thickness in VOFET structure. 

 

3.5.4 The effect of patterned source/drain electrode structures 

VOFETs usually have porous or patterned gate electrode structure. In 

contrast to the gate electrode, the source and the drain electrodes of VOFETs which 

have been reported so far, have planar structures. If more layers exceeding three 

layers constructing VOFET structure can be etched without significant damages, 

more complicated structures with patterned top and bottom electrode structure can 

be attempted, as illustrated in the figure 3.26. By using the same images obtained 

from various lithography techniques described before, top electrode and bottom 

electrode can be patterned as the same structure that gate electrodes have. 

 



 

89 

 

 

Figure 3.26 Structural variations on VOFET structures 

 

The transfer characteristics of simulated VOFET devices with various 

structures are presented in figure 3.27. The effect of patterned electrode was not 

significant in the short period devices (figure 3.27(a)). The overall drain current 

levels of short period devices with patterned electrodes were slightly decreased in 

both on- and off-states. Therefore, electrode patterning was not quite effective to 

making higher on/off current ratio in the short period devices.  
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Figure 3.27 Transfer characteristics of simulated VOFET devices with various 

structures and periods of (a) 200 nm and (b) 500 nm 
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Figure 3.28 Simulated hole concentration distributions in VOFET devices with 

various electrode structures, when positive bias (+2 V) was applied to the gate 

electrodes. 

 

In devices with a longer period, however, further suppression of drain 

current in the off-state could be observed when positive gate voltages were applied. 

The drain current suppression in VOFET devices with patterned electrodes was 

expected to be more effective in the larger unit structures, which would be resulted 
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in enhanced on/off current ratio. In case of shorter period devices, scaled down 

channel diameter sufficiently affects the carrier density modulation, and further 

methods reducing bulk effect would not be needed. In longer period devices, 

however, the bulk conduction between source and drain electrode could not be 

completely blocked. The portion of electrical conduction through the center region 

of the channel can be reduced by introducing patterned source and drain electrodes. 

This patterned electrode approach can be an assistant role of reducing bulk effect in 

VOFET devices when scaling down methods are not feasible. 

 

3.5.5 Summary 

In this section, several structural modifications to obtain better transistor 

characteristics with VOFETs have been studied. These modifications have focused 

on maximizing the effect of gate voltage effects and reducing contact resistance 

effects. First, thicker gate electrodes with a thinner spacer insulator contributed to 

the better switching characteristics. To achieve this, careful design of insulating 

structure surrounding gate electrodes is essential and better insulating materials 

should be introduced to make better characteristics without disturbance of gate 

leakage issues. Second, overdeposited region should be eliminated or reduced 

because it is thought to be a major origin of large contact resistance in VOFET 

devices. By removing this part, higher on/off ratio with a current saturation which is 

not common in vertical devices can be expected. More refined solution processed 

semiconductor film process with a carefully engineered wetting properties would be 

needed to satisfy this requirement. For the last, patterned source/drain structure may 

be helpful in longer period devices. When scaling down channel diameter is limited 

due to the process condition, this structure can be an assistant role enhancing 
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switching parameters. These structural modifications should be supported by proper 

fabrication methods and engineering to achieve optimized results. 
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3.6 Conclusion 

 

This chapter has explained several ways of making VOFET devices with a 

better performance. Especially for SIT-type vertical structures, introducing 

additional insulating structures and making smaller unit devices using 

nanopatterning methods were proven to contribute to the enhanced switching 

performances of VOFET devices. The focus of those works was that reducing off-

state current that made on/off current ratio even higher. 

Additional insulating structure which covers the whole area of gate 

electrode contributed to the reduced gate leakage current. Therefore, SiNx layers 

were deposited on top and bottom of gate electrode, and in-situ plasma oxidation 

scheme was introduced to oxidize the sidewall surfaces of gate electrode because it 

was challenging to make insulating structure with conventional deposition 

techniques. Insulation approach was quite effective in reducing gate leakage current 

and off-state current. More stable device could be obtained which was hardly 

obtained in primitive SIT structure and one technical bottleneck which inhibited the 

introduction of nanopatterning method in VOFET fabrication was resolved. 

Holographic lithography method was utilized in VOFET structure 

patterning. Simple exposure to the interference patterns that laser light made enabled 

the nanostructured photoresist templates and VOFET could be finalized by 

patterning VOFET stacks with these templates by RIE process. Higher on/off 

current ratio which was around 103 could be achieved due to the better gate 

controllability of smaller unit device size. It was the first application which utilized 

holographic lithography in electrical device. 

Also 4 x 4 arrays patterned VOFET pixel array were made with ITO 

electrodes deposited on a quartz substrate. Though the device structure was almost 
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same, higher current driving capability was gained from the enhanced hole carrier 

injection properties, which were naturally arisen from the RIE process of VOFET 

and plasma treatment effect. Therefore, more reliable and better switching 

performances were achieved through several techniques described in this chapter. 

Though those methods have focused on the SIT-type vertical transistor 

structures, proper insulations and nanoscale device structure are also essential to 

make other types of VOFET devices and the technologies that were developed to 

make reliable SIT-type VOFET can help resolving such issues of other types of 

VOFETs. 

 

 

Figure 3.29 Proposed future roadmap of SIT-type VOFET devices 
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In addition to those methods, some studies on different VOFET structures 

have been conducted. Though VOFETs have several inherent drawbacks originated 

from the large contact resistance and relatively low on/off ratio, it was proven that 

these could be relieved by optimizing VOFET structures, especially for contact 

resistance related issues, like lack of current saturations. 

For the last decades, vertical transistor devices have been developed 

significantly by many researchers. Many of them have focused on the reliable 

transistor operations which were inhibited by large gate leakages, and the scaling 

down of channel structure. Other than these solutions, contact resistance and high 

quality insulating material issues should be resolved as illustrated figure 3.29, to 

overcome current limitation of VOFET devices. And it is expected that VOFET 

would be used as practical switching circuit elements and other integrated 

application devices widely after solving such issues. 
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Chapter 4 

Photonic Crystal Polymer Light-

Emitting Diode (PCPLED)  

4.1 Introduction and motivation 

 

Organic light-emitting diodes (OLEDs) have attracted much attention of 

researchers due to their self-emissive property, high contrast ratio, high color gamut 

and future possibilities in low power consumption. Significant progresses have been 

made after the first commercial display products using active-matrix organic light-

emitting diodes (AMOLEDs) were launched in the market. Large size display 

products with higher resolutions became available by developing more sophisticated 

deposition techniques and know-how during organic material deposition, and by 

introducing microfabrication methods such as fine metal masks (FMMs). Further 
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optimizations in device structures and organic materials constructing OLEDs have 

been made to get more efficient devices which emit brighter lights with lower power 

consumptions. 

Though many progresses have been made in materials, structures and 

fabrication processes for OLED devices, there are several issues to be solved like 

short life-time, uniformity and low efficiencies in certain color emissions. Among 

these technical issues, overcoming limited efficiency due to the optical effect should 

be solved immediately to further improve the performance and efficiency of OLEDs. 

The quantum efficiency of OLEDs is described as below. 

η        = η        × η            

With tremendous efforts, internal quantum efficiencies of OLEDs have 

reached almost 100 % by introducing phosphorescent materials [1, 2]. However, 

external quantum efficiency of OLEDs is still limited due to the low outcoupling 

efficiencies. Owing to the refractive index mismatching between the adjacent layers 

and total internal reflection (TIR) at the interfaces, large portion of light generated 

from the emissive layer of OLED is captured and decayed within the OLED device 

itself [3, 4]. The limited outcoupling efficiencies usually come from the 

waveguiding in the anode/organic interface, transparent substrate/anode interface, 

and transparent substrate mode. As a result, it is widely known that only 20 % of 

light generated from the emissive layer contribute to the observable light-emission 

which can be seen outside of devices when no light extraction structures are 

involved [5, 6]. 

Since enhancing outcoupling efficiency has been pointed out as one of the 

most important research topics in OLED research area, many kinds of optical 

structures have been introduced to further extract the light captured within light-

emitting devices. Because the waveguiding effect mainly comes from the index 
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mismatching in the interfaces of two adjacent layers, index matching approaches 

which would relieve this issue have been attempt. Using additionally coated layer of 

high refractive material and low index grid in organic layer has been utilized.  

Photonic structures have usually been introduced to enhance the 

outcoupling efficiencies and several types of photonic structures were investigated 

by many researchers. There are some variations in the location and the unit structure 

size of photonic structures. Microlens array is usually attached to the substrate/air 

interface, to extract the guided substrate mode [9-11]. To extract other guided mode 

such as glass/anode waveguide mode, anode/organic waveguide mode, nanoscale 

structures usually named as photonic crystal structures or corrugated structures have 

been employed [12-22]. These nanoscale structures have also been fabricated with 

various methods involving etching, imprinting, holographic lithography, 

nanosphere-based lithography, and buckling. Photonic crystal (PC) structures or 

corrugated structures are usually produced on the substrate and electrode surfaces 

where organic functional layers of the OLED would be deposited. Though many 

variations in the structure have been studied according to their locations, 

morphologies and planarization layers, most of the previous studies on PC structure 

fabricated on the substrate have adopted additional planarization process using 

chemical vapor deposition (CVD), chemical mechanical polishing (CMP), or 

coating solution-based planarization material to obtain relatively flat substrate 

surfaces for the following anode fabrication [12-15, 21, 22]. In cases of the OLEDs 

without additional planarization layer for simplifying the total OLED fabrication 

process, the corrugated form factor propagates through each layer of the OLED 

structure, leading to the enhancement of light extraction due to multiple diffractions 

between adjacent layers [16-20]. However, undesirable side-effects such as large 

leakage current can be significant due to their uneven structure propagation. 
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Thickness variation of the organic layers deposited on the corrugated surfaces may 

cause non-uniformity of optoelectric characteristics and device instabilities [14]. 

This effect would become more serious problem in solution processed polymer 

light-emitting diodes (PLEDs). Therefore, flat anode surface without any further 

planarization step which can be offered in a simple process is necessary for 

introducing PC structure in to OLEDs easily. 

In this chapter, PLED devices fabricated on a PC structure without 

additional planarization step would be discussed. To obtain flat anode surface, 

without a planarization process, solution processed conductive materials were 

introduced. As one type of solution-processed conducting materials, gallium-doped 

zinc-oxide (GZO) was investigated. By establishing the successful film making 

process and examining the basic optical and electrical properties of solution-

processed GZO film, the future possibility of GZO in an anode material of PLED 

was evaluated. After making PLEDs using solution-processed GZO anodes, the 

planarization effect of sol-gel deposited GZO film has been tested. And finally, the 

enhanced out-coupling efficiencies of PCPLEDs were discussed by fabricating 

PLED devices on the photonic crystal substrate coated with GZO anode. 
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4.2 Sol-gel deposited gallium-doped zinc-oxide (GZO) film 

and its optical/electrical characteristics 

4.2.1 Preparation of precursors for sol-gel deposited GZO films 

Solution-processed optically transparent and electrically conductive 

materials have been investigated prior to making PCPLEDs. For an anode material 

of PLEDs, GZO was selected due to its high optical transmittances in visible range 

and high electrical conductivity [23, 24]. Moreover, sol-gel process based solution-

process can be used to make GZO thin films, without complicated vacuum process 

setup. 

GZO solution was prepared with similar materials and processes as other 

literatures have described. [25-27] Zinc acetate dihydrate (≥ 99.999 %) and 

gallium(III) nitrate hydrate (≥ 99.9 %) dissolved in 2-methoxyethanol (≥ 99.9 %) 

were used as precursors to make GZO films. The amounts of zinc acetate dihydrate 

and gallium nitrate hydrate were carefully measured and dissolved in 2-

methoxyethanol separately. The concentration of solutions were maintained at 0.5 

mol/L. Ethanolamine (≥ 99 %) which would act as a sol-stabilizer enhancing 

solubility of the solute was added to zinc acetate dihydrate solution, with the same 

amount of zinc acetate dihydrate in molar ratio. Mixed solutions were stirred 

separately at 70 ℃. After stirring for a day, the solutions were blended into the one 

solution at a desired ratio (Zinc acetate dihydrate solution : Gallium nitrate hydrate 

solution = 96 : 4). The mixed GZO precursor solution was aged for a day before use. 

All chemicals were purchased from Sigma-Aldrich and used as-received without 

further purifications. 
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4.2.2 Coating process of sol-gel deposited GZO films 

 

Figure 4.1 Schematic diagram of coating GZO solution on to the substrate and two-

step thermal annealing [27]. 

 

Figure 4.1 shows the brief coating process of solution-processed GZO 

films. The quartz substrates were carefully cleaned with acetone, isopropyl alcohol 

(IPA) and de-ionized (DI) water. After cleaning, the substrates were treated with 
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UV-ozone for 20 minutes to enhance wetting property of GZO solution on the 

quartz substrate and further remove contaminants. GZO solution was spun-coated on 

the quartz substrate and the film was cured at 350 ℃ for 10 minutes in pre-heated 

quartz tube furnace. GZO solution was filtered with a polytetrafluoroethylene (PTFE) 

syringe filter of 200 nm pore size and the spin-speed of spin-coating process was 

3000 rpm for 60 s. These coating procedures were repeated 15 times to obtain 

sufficiently low resistances after annealing process. After repeated coating and 

curing process, spun-coated GZO films were thermally annealed at 580 ℃ for an 

hour in the ambient condition using the same furnace. The second annealing process 

was performed at 450 ℃ for another hour in the hydrogen-rich atmosphere. The 

hydrogen-rich atmosphere could be made by flowing N2/H2 (4 % of hydrogen) gas 

mixture into the tube-type furnace. 

 

4.2.3 Optical and electrical characteristics of sol-gel deposited GZO 

films 

After cooling down the GZO coated substrate to room temperature, the 

optical transmittance and electrical conductivity were measured to find the 

effectiveness of annealing in hydrogen-rich atmosphere to the optical properties and 

electrical characteristics. The sheet resistance data of GZO film before/after 

annealing process in hydrogen-rich atmosphere were obtained from 4-point probe 

(SR-2000NW, Changmin Tech.) and the transmittance of GZO deposited quartz 

substrate was acquired from ultraviolet visible (UV-Vis) spectrophotometer (DU®-

70, Beckman). The surface roughness of GZO film was measured with an atomic 

force microscopy (AFM, XE-100, Park system) using non-contact mode. 
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Figure 4.2 Optical transmittance of sol-gel deposited GZO films with different 

numbers of layers [27]. 

 

The optical and electrical properties of solution-processed GZO film should 

meet the requirement of transparent anodes in bottom-emission type OLEDs. 

Sufficiently high conductivity with smooth surface characteristics is required as an 

anode layer of OLED/PLED. Moreover, high optical transmittance value is critical 

to bottom-emission type OLEDs because light generated in the emissive layer have 

to pass the transparent anode and substrate. Figure 4.2 shows the optical 

transmittance of GZO film in visible spectra. The transmittance of several different 

samples with different GZO thicknesses due to the different coating and curing 

repetition times was collected before/after second annealing process in hydrogen-

rich atmosphere. The transmittance in visible spectra was over 80% and has not 

shown significant difference before/after hydrogen-rich annealing process. The 
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ripple-like transmittance results with a respect to the wavelength in multiple-layer 

coated samples are thought to be come from the interference of light due to the 

multiple interface formations. 

 

 

Figure 4.3 Refractive index of a sol-gel deposited GZO film and a reference ITO 

film at the visible range. 

 

Refractive index and extinction coefficient of GZO film were measured in 

visible range and the result is represented in figure 4.3. In most visible range, the 

refractive index of sol-gel deposited GZO film was appeared to be lower than that of 

ITO film. At a wavelength of 500 nm, GZO has shown a refractive index value of 

1.786. Because PEDOT:PSS film had the low refractive index value of about 1.5, 

larger portion of light could be extracted through the interface between organic layer 

and anode layer. 
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Figure 4.4 Sheet resistance of sol-gel deposited GZO films at each stages of 

annealing steps [27]. 

 

Figure 4.4 illustrates the sheet resistance of GZO films. GZO film has 

showed poor conductivity, which is appeared as high sheet resistance value around 

several MΩ/□ when we measured the sheet resistance right after the film curing 

process and the first thermal annealing step (580 ℃) in air. The conductivity of 

GZO film was significantly enhanced through the secondary thermal annealing step 

performed in hydrogen-rich atmosphere and this resulted in low sheet resistance 

values. The sheet resistance of GZO film was decreased with increasing coating 

times of GZO solution, because the thickness of GZO films was increased with 

repeated coating times. The sheet resistance was decreased to about 100 Ω/□ after 

thermal annealing in hydrogen-rich atmosphere. Hydrogen annealing process was 

essential to obtain highly conductive GZO film. 
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Figure 4.5 AFM image of the surface of sol-gel deposited GZO film 

 

Sol-gel deposited GZO films also showed good surface characteristics. 

Figure 4.5 shows the surface roughness of GZO film scanned with AFM. GZO film 

has shown quite smooth surface. The peak-to-valley roughness was appeared to be 

11.892 nm and root-mean-square (RMS) roughness was calculated to be 1.159 nm. 

This low roughness value means that the GZO film had sufficiently smooth surface 

that organic layers can be deposited. From these characteristics of GZO films, we 

could conclude that sol-gel deposited GZO film can be sufficiently used as a 

transparent anode of OLEDs. 
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4.3 PLEDs using solution-processed GZO anode 

4.3.1 Anode patterning of GZO and fabrication process of GZO PLED 

To use GZO films as transparent anodes of PLEDs, GZO film was 

patterned by photolithography process and following chemical wet-etching process. 

To obtain anode patterns, a photoresist (AZ®-1512 or AZ®-RFP230K) was coated 

through spin-coating process on a GZO film. A photoresist coated sample was 

exposed to the UV light after chrome patterned photomask was attached to the 

sample using mask aligner (MA-6 Aligner). The exposed sample was immersed to 

the developer (AZ®-400) for 30 s to obtain desired anode patterns. After baked on a 

hot plate at 110 ℃ for 120 s, the photoresist patterned GZO film was dipped into 

the hydrochloric acid diluted with DI water. Uncovered area of GZO with a 

photoresist was dissolved to the diluted hydrochloric acid and successfully patterned 

GZO film could be obtained. Finally, the photoresist was stripped by organic 

cleaning with aceton, IPA and DI water and an anode pattern for PLEDs were 

prepared. 

For PLED fabrications, poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS, CLEVIOSTM P VP AI 4083, Heraeus) was 

used as the hole injection and transport layer (HITL) and SPG-01T (green polymer 

light-emitting material purchased from Merck) was utilized as the material for the 

emissive layer (EML). These materials were deposited in solution phase using spin-

coating technique in an inert gas atmosphere that argon (Ar)-filled globe box offers. 

PEDOT:PSS was spun-coated at 2000 rpm for 60 seconds. Then, annealing process 

was followed at 120 ℃ for 10 minutes. SPG-01T was dissolved in toluene at a 

concentration of 0.8 wt.%, and the solution was spun-coatd at 2000 rpm for 60 
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seconds. The samples were annealed at 90 ℃ for 60 minutes. The PLED devices 

were finalized by depositing calcium (Ca) and aluminum (Al) in thermal 

evaporation chamber as an electron injection layer (EIL) and a cathode, respectively. 

The thickness of HITL, EML, EIL and cathode were 24, 70, 30 and 150 nm, 

respectively. The pixel size which was defined as an overlapped region of anode and 

cathode was 1.6 × 1.4 mm2. We also fabricated reference devices which had the 

same structure except for ITO anode. The photogragh of fabricate GZO anodes on 

the quartz substrate and structural diagram of PLED device are depicted in figure 

4.6. 

 

 

Figure 4.6 (a) Photograph of transparent GZO anode fabricated on the quartz 

substrate, and (b) structural diagram of GZO PLED. 
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4.3.2 Characteristics of GZO PLED and discussions 

After making PLED devices with GZO anodes and reference PLED 

devices with ITO anodes, current density (J) – voltage (V) – luminance (L) 

characteristics of PLEDs were measured by sweeping voltages between anode and 

cathode, with a digital multimeter (Keithley 2000, Keithley) and the source-measure 

unit (Keithley 236, Keithley). Collected data were calibrated with an absolute 

luminance value obtained from a spectroradiometer (CS-1000A, Konica Minolta). 

 

 

Figure 4.7 JVL characteristics of GZO PLED and reference ITO PLED [27] 
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The JVL characteristics of PLED device using GZO anode are shown in 

figure 4.7. The turn-on voltage of PLED devices with GZO anodes was defined as 

the voltage when the luminance level of the PLED devices reached to 1 cd/m2 and 

was appeared to be around 3.4 V. ITO based PLED also had similar value (3.4 V) to 

the GZO device. The current density of GZO anode based PLEDs at higher voltage 

levels (> 6 V) was also similar to that of ITO anode based PLEDs. Luminance levels 

were, however, was lower than those of ITO based reference device. As a result, 

current efficiency and power efficiency were not as good as those of ITO based 

reference samples. 

 

 

Figure 4.8 Efficiencies of GZO PLED and reference ITO PLED devices [27] 

 



 

116 

 

As shown in figure 4.8, PLEDs with GZO electrodes had the current 

efficiency of 3.06 cd/A and the power efficiency 1.25 lm/W, and ITO-based PLED 

devices has shown efficiencies of 12.5 cd/A and 8.01 lm/W when PLEDs has the 

luminance of ~ 1,000 cd/m2. Comparing off-state current, when no light-emission 

occurred in low voltage region, GZO based PLED devices had higher current levels. 

The large portion of leakage current which cannot contribute to exciton generation 

thought to be resulted in lower luminance level and efficiencies. Moreover, some 

property changes during photolithography process or dissolution of GZO anode 

from PEDOT:PSS coating might be occurred, from the acidity of hydrochloric acid 

and PEDOT:PSS. This might also affect lower efficiency of PLEDs using GZO 

anodes. Further optimization would be required to solve this technical issue. 
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4.4 PC structure fabrication on quartz substrate and self-

planarization effect of solution-processed GZO anode 

4.4.1 Preparation of PC engraved substrates and deposition of GZO 

on PC substrates 

To examine the possibility of further light-extraction of polymer light-

emitting diodes, nanoscale PC patterns have been applied to the pristine quartz 

substrate. Holographic lithography based on helium-cadmium (He-Cd) laser, which 

has been widely used in making periodic nanoscale patterns in a simple manner, was 

utilized in this study with an assistant of a RIE process to make nanoscale photonic 

crystal structures on the quartz substrate. 

 

 

Figure 4.9 Fabrication process of PC engrave quartz substrates using holographic 

lithography method and GZO anode prepared by solution-coating and 

photolithography process [28]. 

 

The overall fabrication processes making nanoscale reciprocal patterns using 

holographic lithography are similar to the process described in the previous chapters. 
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Because the photoresist used in holographic lithography cannot offer sufficiently 

hard etch-resist layer which can sustain during the plasma etching process, thin 

chrome (Cr) layer was also deposited prior to the holographic lithography step using 

e-beam evaporation, as in VOFET cases described in the previous chapters. 

Describing details of holographic lithography process are neglected here because 

they are almost same as the previous chapter. Hardmask patterning with photoresist 

nanoscale hole patterns and following quartz etching were performed using RIE 

process. The type of etching gas, gas flow rate, chamber pressure, and RF power 

were the same as those used in VOFET case. For a quartz substrate etching, the 

etching condition used in SiNx etching was used due to the similar etching behavior. 

The depth of the nanostructure was controlled by adjusting etching time. Finally, Cr 

hardmask was stripped by chemical wet-etching process using chrome hardmask 

etchant (CR-7). After dipping samples in chrome etchant for a sufficient duration to 

completely remove chrome layer, PC engraved substrates were rinsed with DI water. 

On a nanoscale pattern engraved substrate, sol-gel deposited GZO films were 

formed and the anode patterns were obtained by the deposition process, 

photolithography and chemical wet-etching process depicted in the previous section. 

The whole process flow making GZO anodes on PC patterned substrate is illustrated 

in figure 4.9. 

 

4.4.2 Planarization effect of GZO layer deposited on the PC engraved 

substrates 

 Photonic crystal structures and GZO coated results on PC structures were 

observed by SEM. Figure 4.10 presents various images of GZO anode patterned PC 
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substrate taken by a photograph and FE-SEM. Tremendously many hole arrays of 

nanoscale dimensions were patterned successfully on the quartz substrate. 

Holographic lithography was an effective way of making two dimensional periodic 

nanostructures in a simple manner. Sol-gel deposited GZO anode planarized the PC 

structure and this result could be observed through SEM images near the edge of the 

GZO anode patterned by photolithography and chemical wet-etching process. When 

observing the SEM top- and cross-section- view images, one can see clearly that the 

sol-gel deposited GZO anode has successfully filled the corrugated patterns and thus 

well planarized the PC surface. Any propagation of the two-dimensional hole array 

patterns to the GZO deposited area was not found. The film thickness of GZO film 

deposited on PC structure was slightly lower (~ 480 nm) in comparison with that (~ 

510 nm) of the planar case under the same coating conditions, since the GZO layer 

fully filled vacant space of the PC structure. The solution-processed anode can be 

easily incorporated into the PC-structured OLED because it can produce well flatten 

anode surface on the nanoscale corrugated structure without any further 

planarization steps. 
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Figure 4.10 Various photograph and SEM images of GZO anode deposited PC 

substrate. (a) Photograph of GZO deposited PC substrate after the anode patterning, 

(b) top-view SEM image of the edge of the GZO area on the PC substrate, cross-

sectional view SEM image of GZO films coated on the (c) planar quartz substrate 

and (d) PC substrate. 

 

  



 

121 

 

4.5 Enhanced light-extractions in PC-structured PLEDs 

with sol-gel deposited GZO anode 

4.5.1 Motivation of employing sol-gel deposited GZO to PCPLEDs 

PLED devices were fabricated on the PC-structured quartz substrates. It has 

been proven that PC structure contributes to the enhancement of outcoupling 

efficiencies by extracting additional portion of light generated in the emissive layer 

of OLEDs that would be reflected and decayed in the conventional planar OLED 

structure. Many researchers have investigated PCOLEDs with various kinds of 

materials and fabrication methods which can maximize the optical effect by simple 

ways [12-15, 21, 22]. But no previous study has been made utilizing solution 

processed conducting materials as an anode and a planarization material that can 

have possibility reducing additional planarization step. Sol-gel GZO process that 

was developed in the previous literatures and preceding sections was thought to be a 

proper solution to achieve this goal. 

 

4.5.2 Fabrication process of PLEDs 

Two types of PLEDs, planar PLED with GZO anode (GZO PLED), and 

PC-embedded PLED with GZO anode (GZO PCPLED) were fabricated on the 

quartz substrate to examine the enhancement of the outcoupling efficiency, when PC 

structures were introduced to a substrate/anode interface (Figure 4.11). The PLED 

structure and fabrication process were almost identical to the description in the 

previous section. One variation was that lithium fluoride (LiF, 99.9 %, CERAC) was 

used as an electron injection layer (EIL) unlike in the GZO PLED described before, 
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since Ca layer was too easily oxidized during the measurement step performed in the 

air. Substitution of EIL material into LiF could offer more stable results in 

efficiencies of PLEDs. LiF and aluminum (Al) were thermally evaporated in the 

vacuum chamber, and the deposition rate of LiF was 0.1 Å/s. The pixel size of 

PLEDs was also 1.6 × 1.4 mm2 that was defined as an overlapped region of anode 

and cathode. 

 

 

Figure 4.11 PLED device structures of GZO PLED and GZO PCPLED 

 

4.5.3 Finite-difference time-domain (FDTD) simulation and optimal 

dimensions of PC 

The geometry parameters of the PC structure, such as period and depth, 

were determined prior to making GZO PCPLEDs to have optimized value that 

would make maximized light-extraction efficiencies. Computerized simulation, 
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which calculation was based on the finite-difference time-domain (FDTD) method 

was performed using a commercial-grade simulation package (Lumerical Solutions 

Inc.). The simulation was performed with a planar PLED structure and a PC 

structured PLED and the intensity of electromagnetic field that would be absorbed in 

the monitored area was compared. The spectrum of dipole source was configured to 

have similar spectrum to actual PLED devices considering the peak wavelength (500 

nm) of the spectrum obtained from the PLED fabrications conducted before, and the 

orientations of dipole sources were varied in three different orientations (x, y, and z). 

Dipole sources were placed on the hill and the valley of the PC structure in PC 

PLED cases and considering the surface emitting property of organic light-emitting 

diodes (OLEDs). The refractive indices of each PLED layers and brief simulation 

configurations are depicted in figure 4.12(a). The simulated results were averaged 

with the location and the orientations of dipole sources. By comparing results from 

different models, we found that light emission form PLEDs could be enhanced by 

inserting photonic crystal structures within substrate and anode interface, which 

would be parameterized as enhancement factors in figure 4.12(b). Considering these 

simulated data and the capability that experiment setup can offer, PC structure with 

a period of 400 nm and a depth of 250 nm was selected for actual device fabrication. 
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Figure 4.12 (a) Virtual device configurations of GZO PCPLED used in a FDTD 

simulation, and (b) enhancement factors according to various periods and depths of 

PC structures [28]. 
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4.5.4 Results and discussions 

Current density – voltage (J-V) and luminance – current density (L-J) 

characteristics of PLEDs were measured with a digital multimeter (Keithley 2000, 

Keithley) and the source measurement unit (Keithley 236, Keithley) by sweeping 

voltages. Acquired data were calibrated with an absolute luminance value obtained 

from a spectroradiometer (CS-1000A, Konica Minolta). All measurements were 

performed in a dark room in ambient condition. 

 

 

Figure 4.13 J-V characteristics and (inset) L-J characteristics of GZO PLED and 

GZO PCPLED [28].  
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Figure 4.14 Normalized emission spectra of PLEDs 

 

 Figure 4.13 plots the current density – voltage (J-V) and luminance – 

current density (L-J) characteristics of the PLEDs. Turn-on voltage of both PLEDs 

(GZO PLED and GZO PCPLED) which is defined as the voltage when the devices 

show the luminance of 1 cd/m2, was around 3 V. At the same applied voltages, the 

current density of the GZO PCPLED was lower than that of the GZO PLED. This 

lower current density might be caused by higher GZO resistance. Reduced GZO 

film thickness of GZO PCPLED was expected to affect the resistance of the GZO 

film. Since the PC structure was formed over the whole substrate and the voltage 

was applied through the GZO bus line electrodes, higher resistance of the GZO films 

in the GZO PCPLED was thought to be the origin of lower current density. However, 

it is noted that the GZO PCPLED shows higher luminance levels than the GZO 

PLED at the same current density levels. And the intensity of main peak in the 
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PLED emission spectra (500 nm) was appeared to be higher in GZO PCPLED case 

(figure 4.14). As a PC structure was designed to have maximized outcoupling 

efficiency for the wavelength near 500 nm, this indicates that more light has been 

outcoupled for the GZO PCPLED. 

 

 

Figure 4.15 Current efficiency and power efficiency of GZO PLED and GZO 

PCPLED [28]. 

 

The extracted current (cd/A) and power (lm/W) efficiencies of the PLEDs 

when PLEDs had the luminance of ~1,000 cd/m2 are depicted in figure 4.15. GZO 

PLED had the current efficiency of 0.86 cd/A and the power efficiency of 0.25 

lm/W. And GZO PCPLED showed 1.91 cd/A and 0.60 lm/W, respectively. The 

GZO PCPLED showed higher current efficiency (~ 120 %) and power efficiency (~ 

136 %) in comparison with the GZO PLED. This efficiency enhancement is 
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believed to mainly come from the improved outcoupling efficiency at the 

anode/substrate interface, because all other experiment conditions and device 

structure, except for the inclusion of the PC structure, were maintained identically. 

 

 

Figure 4.16 Photographs of light-emission from two adjacent pixels and multiple 

pixels of PLEDs [28]. 

 

Furthermore, this photonic effect can also be verified through the ghost 

image pattern in the GZO PCPLED. This ghost image is generated from the 

interference of light that was further extracted by PC structure. Though this effect is 

not preferred in the display pixel applications, it would be a powerful advantage 

when OLEDs and PLEDs are employed as light-emitting applications. Making 

larger lighting area using OLEDs usually suffered the reduced light intensity in the 

center of the device due to the resistance of electrode materials. When pixelated 

lighting would be made, interconnection line separates the light-emission area of 

device. In this case, the ghost image coming from the PC structure will connect the 
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isolated light-emitting pixels, resulting in an effectively larger emission area, as 

shown in figure 4.16. This approach will become a key enabling technology for 

highly efficient areal light-emitting device applications. 
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4.6 Conclusion 

 

In this chapter, enhanced outcoupling efficiencies of PLEDs using PC 

structure have been discussed. Though many attempts using PC structures in 

OLED/PLED applications have been investigated, no trials have been made which 

incorporates photonic structures in anode layer with well planarized surfaces. To 

achieve this goal, sol-gel deposited GZO anode was used prior to making PCPLED. 

Sol-gel process based solution preparation, coating and annealing process was 

performed and examined. Solution-processed GZO anode has shown high optical 

transmittance and good electrical conductivity. Also it had smooth surface that can 

be utilized as an anode layer of OLED/PLED. PLED has been demonstrated using 

GZO anode. Though the efficiency was low, GZO was performed as an anode layer 

successfully. PC template was engraved in a quartz substrate to make PCPLEDs and 

GZO was coated on a PC structured substrate. PC was obtained by holographic 

lithography and RIE process. Two dimensional hole array was patterned on the 

whole area of substrate and it had almost same morphologies in any location and 

holographic lithography was proven to be effective in making PC structures. Sol-gel 

deposited GZO effectively filled the hole and planarized PC hole patterns which 

resulted in a flat anode surface. The PCPLED, using GZO anode, has shown two-

fold enhancements in efficiencies and bright ghost patterns which would contribute 

to make surface emissive type lighting applications. 
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Chapter 5 

Conclusion 

In this thesis, facile nanopatterning techniques making periodic 

nanostructures have been introduced, and two types of optoelectronic devices have 

been demonstrated to show the usefulness of these nanopatterning methods in 

simplified device fabrications and their properties. Holographic lithography and 

NSL were useful in making periodic nanostructures due to their simplicities. These 

methods, especially holographic lithography, were used in making VOFET and PC 

structures. Scaling down of unit structures has contributed to the enhanced switching 

properties of VOFET devices and outcoupling efficiencies of PLED devices. 

Nanopatterning methods used in this study, holographic lithography and 

NSL had common characteristics of a possibility of fabricating two-dimensional 

periodic nanostructures in a large area with simple ways. Therefore, theoretical and 

experimental studies supplied by the brief review of previous studies, were 
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performed. The dimensional factor and periodicity of holographic lithography was 

anticipated by the theoretical studies which started from the calculation of spatial 

intensity distribution of interference patterns. With a Lloyd’s interferometer setup, 

one-dimensional and two-dimensional photoresist patterns with nanoscale 

periodicity ranging from 300 nm to 800 nm, could be obtained on various substrates 

such as a silicon substrate and a Cr deposited quartz substrate. Following RIE 

process to make nanopatterns with photoresist patterns, was established for the 

various kinds of thin film materials. The periodicity of holographic lithography was 

matched to the anticipated results. 

Various techniques of NSL were discussed. Among them, LB method and 

dry-rubbing method were tried to make two-dimensional hcp-aligned colloidal 

crystals during NSL process. These two methods had a capability of making 

colloidal crystals in a relatively large area, without an assistance of complicated 

experimental setup. LB method, including the self-assembly of polystyrene 

nanospheres with a diameter of 100 nm in the interface between air and DI water 

was effective by adjusting the chemical composition of nanosphere dispersions and 

spreading bath media with a SDS surfactant, though pre-treatment of substrates 

where colloidal crystals would be transferred might not be feasible according to the 

purpose of the experiments. Dry-rubbing process also had advantages in the 

substrate selections and capability of large area fabrications with a simple rubbing 

process. Silica nanosphere-based rubbing process was performed on a 4-inch quartz 

substrate coated with SBS rubber and PDMS rubber. Well-aligned colloidal crystals 
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composed with 490 nm silica nanospheres could be obtained in the whole area of the 

substrate. 

Nanofabrication methods were applied in VOFET fabrications. As a 

solution for current issues of VOFETs, especially for SIT-type VOFETs, scaling 

down approach of channel opening diameters using periodical nanoscale patterning 

methods was attempted. Holographic lithography was effective in making scaled 

down unit structures and was proven to contribute to the enhanced switching 

performances of VOFET devices. Prior to the fabrication of nanostructured VOFET 

devices, the effect of introducing additional insulating structures which covers the 

whole area of gate electrode was examined. Advanced insulating structures 

including oxidized gate electrode surfaces obtained by in-situ plasma oxidation 

process, reduced the gate leakage currents to 1 % levels of gate leakage in the 

pristine samples. By combining holographic lithography process and in-situ plasma 

oxidation process, the on/off ratio of VOFET devices could be increased to about 

103. VOFET devices were fabricated on silicon substrates and ITO deposited quartz 

substrates. In case of ITO cases, higher current density driving capabilities was 

gained due to the better hole injection properties from the plasma treatment effect 

during RIE process of VOFET structures. Optimized structures of VOFETs were 

proposed through simulation studies for the future developments of VOFET devices. 

Using thicker gate electrodes, thinner structural insulators were thought to offer 

better switching characteristics because they can maximize the current modulation 

effects by adjusting gate voltages. Reduced semiconductor overdeposition was also 

effective in making enhanced switching characteristics with current saturation 
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characteristics in higher drain voltage regions, due to the reduced contact resistance. 

And finally, patterned source/drain electrodes can help suppressing the off-state 

current when the devices have some limitations in channel scaling down. 

Nanopatterning methods were also applied in making PC structures on the 

quartz substrate, that was used in GZO PCPLED fabrications. PC structures were 

made to increase the efficiency of OLED devices. Holographic lithography and 

following RIE process were utilized in making PC structures. To avoid additional 

planarization steps, sol-gel deposited GZO anode was introduced. Sol-gel deposited 

GZO anode has shown high optical transmittance and good electrical conductivity. It 

had smooth surface that can be utilized as an anode layer of OLED/PLED. Moreover, 

sol-gel deposited GZO effectively filled the hole and planarized PC hole patterns 

which resulted in a flat anode surface. PCPLED, using GZO anode, has shown two-

fold increased current efficiencies and power efficiencies compared to the planar 

GZO PLED devices. This attributed to the enhanced outcoupling efficiency from the 

insertion of PC structures. 

Simple methods fabricating nanoscale structures were presented in this 

Ph.D. dissertation. Based on the physical phenomena which can produce periodic 

nanopatterns, alternative lithography techniques could be developed and some of 

facile nanopatterning methods have been demonstrated. The applications studied in 

this thesis, VOFETs and PCPLEDs have often required the periodic nanostructures 

to have maximized performances. Therefore, the nanopatterning methods 

demonstrated in this thesis were suitable to these applications. Since complicated 

experimental setup was not required to obtain nanostructures using holographic 
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lithography and NSL, they could be produced in a laboratory level facilities. In 

addition to the electronics and optics field, demands for nanoscale fabrication 

methods are increasing also in many other research area. Employment of alternative 

lithography techniques would be helpful in many cases if they do not need complex 

structures. From the methods and applications that were examined in this thesis, it is 

expected that more applications could have better device performances in a simpler 

ways. 
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 초  

본 문에 는 수직   계 과 트랜지스  고   

다 드 가 연 었      닝 

로  로그래  리 그래  스 어 리 그래   

도 었다.  특  상  여 도   들  

복  실험 비  지 않 므로, 비  간단  로  

물  는  사 었다. 

스  닝 술  에 여 단    능 

상  고 도   집 가 가능 게 었고, 에 라 컴퓨  

역에  큰  루어 다. 공 에 뿐만 아니라 다  연  

야에 도   에  수 가 꾸  가 고 다. 

포 리 그래       어 , 가격 

  공 에 에 가격 경쟁력  어지는 단  다. 많  

경우에 어 복 지 않  주  단순  물만  는 

경우가 는   경우에는  리 그래   지 않아도 

달  수 는 가능  다. 

그리 여 다양  물리  상  는 안  리 그래  

 개 었고, 그   가지 간단  리 그래  , 

로그래  리 그래  스 어 리 그래   본 연 에  



 

146 

 

었다. 로그래  리 그래  여 300 nm 에  800 nm  

주  가지는 1 차원  2 차원  주  가지는  물  

다양   상에  수 었 , 그  주   사각  

여 쉽게  가능 다. 또  스 어 리 그래  

여 격  태  2 차원   수 었   

여 Langmuir-Blodgett 과 dry-rubbing  사 다. 

실리     상에, 도체 층  께 만 로 짧  

채   가질 수 는 수직   계 과 트랜지스  

다.  수직   계 과 트랜지스  문 로 

지 었   게 트 누   문  결  여 in-situ 

라 마 산  공  통 여 얻  게 트 극 측  산   

포 는 가  연 물  도 다. 또 ,  스 칭 특  

상  여 로그래  리 그래    식각  여 

 물  다. 200 nm  단  채  직경  가지도록 2 차원 

닝   결과 103 도   on/off 비  낮  게 트 누  

 특  보 는 타  능동층 로 는 수직   계 과 

트랜지스   수 었다. 또  ITO  극 로 사  , 

상  공 주  특 로 여    도  어가 가능  

보  수 었다. 그리고 수직  트랜지스 에   꺼운 게 트 극  

사 ,  얇고 우수  연 특  가진  연체  사 , 도체 층 

과다 착  , 그리고  스/드레  극  사  등, 후 

특  상   안  시 다. 
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과 양극 사  계 에  생 는 사에  낮  

outcoupling  문  결  여, 결   고   

다 드 에 도 다.   상 400 nm  주  가지는 

결   들  여 로그래  리 그래    식각  

사 다. -   여  갈  도  산  아연 (GZO) 

 고   다 드  양극 재로 사 다. 액 

공   GZO    과  (> 80 %) 과  도도 (~ 

100 Ω/□) 뿐만 아니라 평평   특  가지고 었다. 별도  평탄  

공  사 야 는  결   사 는   

다 드 는 달리, 액 공   GZO 양극  PC  단차  

평탄 시키는 역  여 별도  평탄  업  지 않았다. 

상  outcoupling 특 에 라, 결  고   다 드는 2  

도 상   과 력  보 다. 
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