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Abstract

Development of Effective Solution-processed 

Patterning Techniques for High-resolution Display 

Components

GEONHEE KIM

DEPARTMENT OF ELECTRICAL AND
COMPUTER ENGINEERING

COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

As the development of the display components is focused on the stable 

operation of the devices on plastic and elastomeric platform, solution-process has 

received attention as a prospective deposition technique to supplement the 

drawbacks of the conventional process. Among them, numerous papers about the 

printing method of the material ink have been reported due to its high degree of 

patterning without needing an extra patterning mask. Although inkjet printing is a 

promising method, a demand for electrohydrodynamic (EHD) printing has emerged 

for high-resolution patterning technology. In this Ph.D. dissertation, I suggested 

facile patterning techniques of various elements for next-generation displays by 

utilizing inkjet printing or EHD printing according to the desired resolution.

First, the complicated patterning process of the silver nanowire (AgNW) 

transparent electrodes hinders their commercialization. Although AgNWs have 
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excellent optoelectronic properties and mechanical stability, which can be mentioned 

as replacements for indium tin oxide, the patterning mask of the AgNWs needs to be 

replaced for changing the patterns, and the expensive fabrication cost is required for 

the high-resolution mask. To overcome those issues, I developed a straightforward 

patterning method of the AgNWs based on the inkjet printing of the adhesive-

blended poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) 

polymer patterns on the target substrate for transfer of AgNWs from the elastomeric 

stamp. The transfer process of AgNWs only onto the pre-printed polymer patterns 

enables a facile patterning without needing a patterning mask. The transfer-based 

patterning technique can be conducted on the plastic substrate, and the patterned 

AgNWs can be adopted to flexible display applications with superior flexibility.

Second, the resolution limit of the inkjet-printing process and the external force 

during the lamination of AgNW-coated PDMS stamp interrupted the fine patterning 

of the AgNWs with a feature size under 30 µm. Therefore, an optimized patterning 

approach should be needed to enhance the resolution of the AgNW patterns. 

Poly(vinyl alcohol) (PVA) was selected as an adhesive located under the spray-

coated AgNW. When the printed PEDOT:PSS was deposited on the AgNWs, the 

conductive polymer and underlying PVA layer formed an interpenetration network. 

As a result, the AgNWs were captured between the PEDOT:PSS and PVA layer, and 

the AgNWs with a formation of the previously printed PEDOT:PSS pattern remained 

without damage after the removal process. The EHD printing of the PEDOT:PSS 

was also implemented to demonstrate precise micropatterns with a width down to 15 

µm. Another advantage of the PVA-assisted method is the precise patternability of 

the AgNWs on the elastomeric substrate. Therefore, this patterning approach can be 
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applied to highly conductive and stretchable electronics with high resolution. 

Finally, I investigated the optimized patterning process of the quantum dot (QD) 

color conversion structure with EHD printing. To improve the uniformity of the 

printed QD layer, producing a mixture of photocurable polymer and QD was 

preceded. The ligand exchange treatment was conducted to prevent the aggregation 

of QD in the polymer matrix and resulting nozzle clogging during the EHD printing. 

The ligand-exchanged QD maintained its optical properties, such as emission 

wavelength and absorbance spectrum. In addition, the composite of polymer and QD 

showed stable jetting conditions even in the case of a high concentration of the QD. 

Through the proper surface treatment, the printed color conversion structure was 

formed in a lens-shaped structure with a diameter from 40 µm to 20 µm. After 

printing the composite on the micro-LED light sources with the desired thickness, 

the composite layer demonstrated its color-conversion effect. Furthermore, the 

blended QD ink can be printed on the surface of the polyimide and elastomer, which 

can pave the way for next-generation light-emitting devices.

Keyword : Silver nanowire, PEDOT:PSS, inkjet-printing, EHD printing, Quantum 
dot, Flexible & stretchable electronics
Student Number : 2016-20865
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Chapter 1 Introduction

1.1. Next-generation Display

Visualization of information is the most intuitive technique of sharing 

knowledge throughout the history of humankind. Beyond transmitting information 

by series of characters or immovable images, the era of display devices operated by 

semiconductor-based electronic circuits has arrived to represent video data. While 

the display technology has advanced, the fabrication strategies of the display have 

been focused on a rigid platform such as a plasma display panel, liquid crystal display, 

and organic light-emitting diode (OLED) [1]. However, as the demands for mobile 

displays and wearable electronics have risen, the innovation of the form factor of the 

next-generation display is necessary to replace the conventional rigid-display 

components [2, 3]. Major concerns of the display industries and numerous

researchers are developments of devices on the flexible platform and further paving 

the way for stretchable electronics with free form factors (Figure 1.1). In the case of 

flexible displays, the first commercialization of mobile phones with flexible OLEDs

already progressed in 2015, and the manufacturing of various flexible displays has 

been announced. In addition, the applications of stretchable electronics are expanded 

to diverse research fields, such as stretchable OLED circuits, electronic skins, and 

wearable healthcare devices [4-6]. For a demonstration of the next-generation 

display components, a typical implementation technique or coventional materials has 
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Figure 1.1 Various flexible/stretchable display applications (Source: Samsung 

Newsroom, [4-6]).

a drawback and limitations, which is why the development of progressive fabrication 

strategies and the finding replacements of the existing materials are needed. For 

example, indium tin oxide (ITO) is a widely used material for the electrodes of 

optoelectronic devices due to both superior conductivity and high transparency [7]. 

However, the inherent brittleness of the ITO film leads to the degradation of the 

performance of the flexible and stretchable devices under external strain [8]. In 

addition, the high deposition temperature of the ITO film for crystallization also 

causes the deformation of the plastic and the elastomer platform [9, 10]. Therefore, 

various studies have been reported about the alternative fabrication process and 

materials suitable for flexible and deformable platforms. In this Ph.D. dissertation, I 

studied novel deposition methods for several display components for flexible and 

stretchable electronics. And in the next section, a representative deposition technique 
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for the next-generation displays is introduced.
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1.2. Solution Process

Figure 1.2 Solution-based deposition methods (Source: HZB, Dimatix, [21]).

Figure 1.3 Solution-processed (a) stretchable electronic circuits, (b) flexible OLEDs, 

(c) organic thin-film transistors [23-25].
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For facile fabrication of electronic devices on the flexible/stretchable platform, 

the conventional deposition methods, which have been conducted on a rigid surface, 

should be replaced. A solution-based process can be a possible candidate for a 

deposition technique of thin films on arbitrary substrates, based on the deposition of 

the ink composed of electronic materials and the subsequent curing process to 

evaporate the unnecessary solvent. Unlike conventional deposition processes such 

as chemical vapor deposition, atomic layer deposition, and epitaxy, the solution 

process was conducted under normal pressure, which indicates that high-vacuum 

equipment is not needed [11, 12]. The production of the devices by non-vacuum 

facilities dramatically decreases fabrication costs [13], and the solution process can 

expand its applications to large-area devices by introducing roll-to-roll 

manufacturing and multi-nozzle printing [14-16]. Furthermore, the solution-based 

fabrication approaches progressed under room temperature, and the low temperature 

of the annealing sequence for obtaining thin film prevents the flexible/stretchable 

substrates from being damaged [17, 18]. Based on these advantages, various

deposition techniques of material inks have been developed according to the

requirements of the electronic devices (Figure 1.2). First, a drop-on-demand inkjet-

printing method has been established for the facile patterning of thin films without a 

patterning mask or extra lithography process [19, 20]. On the other hand, the large-

area coating process can be implemented by spray-coating or spin-coating methods, 

and the thickness of the layer can be easily controlled by the volume of spraying and 

spin-coating rpm, respectively [21, 22]. The solution-process techniques have been

utilized to the future display components on a plastic or elastomeric platform, such

as stretchable electronic circuits [23], flexible OLEDs [24], and organic thin-film

transistors [25] (Figure 1.3). In this Ph.D. dissertation, I focused on the solution-
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process-based patterning techniques of the three display components: transparent 

electrodes on a flexible platform, conductive electrodes on a flexible/stretchable 

platform, and photo-curable polymer/Quantum dot (QD) composite on an arbitrary 

surface. And I will explain the necessity of the high-resolution patterning process for 

future display applications and suggest a novel solution-processed patterning 

technique that can achieve elaborate patterns with a micrometer scale.
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1.3. High-resolution Patterning Techniques

Figure 1.4 High-resolution display components (up) and future applications with

high resolution electronics (down) (Source: [28, 29], Apple, Laser Focus World,

Encompasshealth).

As the improvement of solution processing technology is essential for 

commercializing next-generation displays with curved surfaces and deformable 

platforms, a resolution enhancement of the electronic devices is another critical 

factor for advanced display performance (Figure 1.4). If the light-emitting elements 

are adopted to display devices with a limited area, such as a wearable watch or an 

augmented reality/virtual reality (AR/VR) devices, the size of a single light-emitting 

pixel and the pitch between the pixels should be reduced for expression of 
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complicated image and satisfying the human eye. For describing the same amount 

of information on the smaller area, the resolution of the display needs to be enhanced. 

Furthermore, when human eyes see two light sources, they cannot perceive two 

lights and recognize them as a single light source if the gap between them is narrower 

than a certain length. This gap is determined by the angle between the lights from 

each light source to human eyes, and the limit of the angles the human can recognize 

the gap is defined as angular resolution [26, 27]. In the case of the AR/VR device, 

the distance between the eye and the display is narrower than in conventional 

displays, and the pitch between the pixels should be narrower to satisfy the angular 

resolution. The resolution of the wearable healthcare system will also be increased 

for local measurement of the electrical signals. The display components with sizes 

under hundreds of micrometers have been investigated to demonstrate high-

resolution electronic devices, such as micro-LEDs and high-resolution electronic 

skin [28-30]. For the integration of the various electronic elements into high-

resolution applications, fine patterning of the interconnects and the electrodes should 

be preceded. Moreover, developing the high-resolution patterning technique based 

on the solution-processed approach is required for an embodiment of display 

applications on flexible/stretchable platforms.

Electrohydrodynamic (EHD) jet printing is a solution-processed printing 

technology that can provide high-resolution patterns with feature size down to 

submicron scale [31-33]. Figure 1.5 represents the printing principle of EHD 

printing. The inner diameter of the nozzle can be manufactured in various diameters, 

from a few micrometers to several hundred micrometers. A high electric field must 

be applied between the electrode inside the nozzle and the target substrate to achieve 

stable ejection of the ink from the nozzle. As a result of the applied electric field, the 
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Figure 1.5 (a) Optical image of the nozzle tip, (b) printing principles of EHD printing, 

and (c) process window of the EHD printing (source: [34, 36], Enjet).

Figure 1.6 Various display components implemented by EHD printing process [37-

40].



１０

ink molecules are charged, and the cone-shaped meniscus of ink was formed at the 

end of the nozzle tip caused by the surface charge of ink [34-36]. The continuous 

droplets were ejected from the end of the nozzle when the sum of hydrodynamic 

force and electrostatic force overcomes the capillary force. Through the applied 

electric field with a high voltage of several kV, various material inks, even with high 

viscosity, can be printed on arbitrary substrates with a micrometer scale. Many 

researchers have been interested in EHD-printing of different materials on various 

surfaces, such as metallic nanowires on plastic and elastomeric substrate, 

polyethylene polymer on microcantilever surfaces, and QD ink and perovskite ink 

on glass [37-40] (Figure 1.6). In chapter 3 and chapter 4 of this dissertation, the 

conductive polymer, and the photocurable polymer are deposited on diverse surfaces 

by EHD printing to accomplish maskless patterning of the highly conductive 

electrodes and high-resolution patterning of color-conversion structures.
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1.4 Organization of this dissertation

In this Ph.D. dissertation, I showed solution-based patterning techniques of 

various materials for fabricating high-resolution display elements. I focused on a 

patterning of three components without the requirement of a conventional patterning 

mask. I demonstrated a transparent electrode patterning with hundreds of 

micrometers for flexible electronics, highly conductive electrode patterning with 

tens of micrometers for flexible and stretchable electronics, and photocurable 

polymer/QD composite printing on various surfaces for uniform color conversion.

This dissertation contains five chapters, including Introduction and 

Conclusion.

Chapter 1 introduces a fabrication strategy for next-generation display 

applications in terms of form factor and device resolution. The requirement of the 

solution-based patterning process is also emphasized for achieving both high-

resolution and low-cost patterning.

Chapter 2 presents a simple patterning method of the silver nanowire (AgNW) 

transparent electrodes (TEs) accomplished by the inkjet printing of the adhesive 

pattern templates and the transfer process of the AgNWs on the surface of the 

adhesive. As a result, precise patterns of AgNW TEs with hundreds of micrometers 

were formed on the plastic substrates for the flexible electronic devices.

Chapter 3 describes a high-resolution patterning method of the AgNW 

conductive electrodes on the flexible and stretchable substrates without a 

conventional patterning mask by inkjet and EHD printing of the conductive polymer 

on the spray-coated AgNW surface. The spin-coated adhesive layer before the 
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coating of AgNWs enhances the adhesion of the printed conductive polymer and the 

AgNWs covered by the polymer and adhesive layer.

Chapter 4 depicts the EHD printing method of a photocurable polymer/QD 

composite with high viscosity. Prior to the printing process, the optimization of 

mixing QDs with the polymer is required to prevent the aggregation of QDs in the 

polymer matrix and achieve uniform color-conversion structures. 

Chapter 5 concludes the results and significant accomplishments of this 

dissertation. Besides, the vulnerable points that should be improved are also 

suggested for future study.
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Chapter 2 Transfer-assisted Patterning Process of 

Transparent Electrodes

2.1. Introduction

This chapter suggests a straightforward deposition technique of the AgNW 

transparent electrodes based on inkjet-printing of adhesive templates and selective 

transfer of the AgNWs on them. Academic investigations focused on the possible 

alternatives of ITO TEs have been continuously implemented for next-generation 

flexible electronics [41-51]. Due to the fragility of the ITO and low flexibility [52, 

53], the ITO TEs are not suitable for flexible electronics, and diverse conductive 

materials such as metallic nanowires, conductive polymer, graphene, and carbon 

nanotubes (CNTs) have been attracting severe attentions [54-62]. Among the several 

applicants, the interest in AgNW networks as future TEs have risen due to the 

formation of 1-dimensional (1-D) conductive paths with complex structures that both 

ensure high conductivity and transmittance [48, 49, 61, 63-66]. Moreover, the 

flexibility of the AgNW electrodes on plastic substrates and the stretchability of the 

elastomer-embedded AgNWs also expand their implementations to deformable 

electronics [67, 68]. Various efforts have been addressed for the commercialization 

of the AgNWs to resolve the several drawbacks of the AgNWs. First, multiple papers 

have reported the fabrication methods of optoelectronic devices with AgNWs, 
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including the embedding process, which compensates for the rough surface of 

AgNWs [69-71]. Besides, appropriate patterning methods of AgNWs should also be 

developed because electrodes with desired patterns at precise locations are needed 

in various high-resolution flexible electronics. Major patterning approaches have 

been focused on mask-assisted fabrication, such as photolithography [72-75], 

surface energy-controlled patterning [76, 77], and spray-coating on the mask-

covered substrate [21, 78, 79]. Mask-assisted patterning is a promising way to block 

unnecessary deposition onto the non-patterned area. However, there is a drawback 

that the patterning mask should be manufactured whenever the pattern shape is 

changed. And as the resolution of the patterns develops, the fabrication cost of the 

photomask also increases because anisotropic etching of patterning masks with high 

resolution is complicated [80]. The transfer process of the pre-patterned AgNWs is 

another precise patterning technique that can resolve the solvent orthogonality issue 

during the deposition process [59, 77, 81-83]. However, these transfer methods 

require pre-structured stamps formed by photolithography or additional patterning 

processes. Although the selective patterning method of the AgNW networks was also 

suggested by transfer from the AgNWs on a hydrophobic surface onto the toner-

printed copy paper [82], deposition of the high-quality AgNW on the hydrophobic 

stamp by the conventional solution process is complicated. Recently, various kinds 

of research have been focused on the patterning processes of AgNWs, which do not 

require a patterning mask. Direct printing methods of AgNW ink have been reported 

as promising techniques for fabricating AgNW layers with desired shapes, including 

inkjet printing [84-86] and EHD jet printing [37, 87-89]. However, the 1-D structure 

of AgNWs and aggregation inside the nozzle cause the nozzle clogging to disturb the 

stable formation of printed layers.
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In this chapter, I fabricated facile-patterned AgNW networks by a combination 

of inkjet-printing of adhesive-blended conductive polymer pattern and selective 

transfer of the AgNW layers on the pre-pattened template.1 For lamination of the 

PEDOT:PSS and the attached AgNWs, D-sorbitol was selected as an adhesive 

because D-sorbitol has been widely adopted as an electrical glue that achieves great 

mechanical and electrical contact [90-92]. After the attachment and peeling off of 

the AgNW stamp from the inkjet-printed PEDOT:PSS transfer template, the AgNW 

networks attached to the PEDOT:PSS template was only moved onto the region of 

the transfer template [93]. Employing the facile patterning method, my AgNW-

transferred PEDOT:PSS TEs were formed on various substrates, showing not only 

highly tunable optoelectronic properties but also fine lines with widths down to 30 

micrometers. In addition, unlike the brittle ITO TEs, the AgNW-transferred 

PEDOT:PSS TEs showed superior mechanical flexibility during the flexibility test 

with a bending radius down to 2 mm. The AgNW-transferred PEDOT:PSS TEs were 

applied to various flexible electronics to decrease the applied voltage and power 

consumption, such as flexible LED arrays, touch panels, and all-solution-processed 

polymer light-emitting diodes (PLEDs).

                                            
1 Figures and contents included in this chapter are based on a published paper [93]. 

The conduct of this study is equally contributed by J. Park and G. Kim. Some 

materials in this chapter were also used in Dr. J. Park’s Ph. D. dissertation.
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2.2. Patterning of AgNW Transparent Electrodes Based on 

Inkjet-printing of Adhesive PEDOT:PSS Templates

2.2.1. Main Concept

Figure 2.1 shows a facile patterning process of AgNW networks by integrating 

the inkjet printing of the PEDOT:PSS patterns and selective transfer of the AgNW 

networks only onto the region of the transfer template. First, the modified 

PEDOT:PSS pattern was inkjet-printed as the transfer template. To enhance the 

adhesive force of the PEDOT:PSS film, D-sorbitol material was selected as an 

adhesive which was mixed with the PEDOT:PSS materials. Various papers have 

been reported about the lamination process conducted by the PEDOT:PSS interlayers 

mixed with D-sorbitol [94, 95]. The adhesive property of D-sorbitol provides 

mechanical contact during attachment between two divided parts of the devices, 

while conductive PEDOT:PSS enables electrical contact between adjacent layers. In 

addition, Park et al. previously suggested the patterning method of PEDOT:PSS on 

various substrates without any damage, which can be achieved by the dry transfer of 

PEDOT:PSS mixed with D-sorbitol [96]. Based on these mechanisms, I introduced 

PEDOT:PSS mixed with D-sorbitol (from now on, I will call it D-PEDOT:PSS) as a 

transfer template of AgNWs. The adhesive property of D-sorbitol helps the AgNWs 

easily transfer from the PDMS stamp to the transfer template. In addition, the decent 

conductivity of PEDOT:PSS layer not only enables the slight improvement of sheet 

resistance but also helps the uniform distribution of current because the vacancies of



１７

Figure 2.1 Illustration of a patterning method of AgNWs by integration of the inkjet-

printing of the PEDOT:PSS and selective transfer of AgNWs.

AgNW layers are filled with conductive PEDOT:PSS [97]. Second, the fabrication 

of the AgNW-coated PDMS stamp was conducted without the implementation of 

any pre-patterned structure on the elastomeric PDMS. To acquire the uniform AgNW 

networks and the optimized optoelectronic characteristics for the use of TEs, the 

treatment time of plasma on PDMS, the concentration of AgNWs, coating numbers, 

and the extra conductivity-enhanced treatment were optimized. During the annealing 

process, the AgNWs and the PEDOT:PSS transfer template were merged into one 

composite film because the D-sorbitol contained in the PEDOT:PSS template 

partially melted at the temperature of 100 ℃ and for achieving the conformal 

lamination between AgNWs and PEDOT:PSS. At the same time, the adhesive force 

of the AgNW/PEDOT:PSS film with the PDMS stamp decreased, and the mismatch 

of the adhesion force occurred. The Adhesion mismatch enables the selective transfer 

of the AgNW networks to the surface of the PEDOT:PSS transfer template. The 

conducted TEs by my patterning method can be demonstrated on glass, plastic, and 
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PDMS substrates, showing applicability to flexible or stretchable electrodes.
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2.2.2. Experimental Section

Figure 2.2 Schematic of patterning process of the AgNWs

Figure 2.2 represents the selective patterning process of the AgNWs on the 

inkjet-printed PEDOT:PSS template. First, the AgNW-coated PDMS stamp was 

prepared. PDMS substrate was conducted by mixing a PDMS elastomer base and 

curing agent (Sylgard 184, Dow Corning) at a weight ratio of 10:1 and then pouring 

it onto a petri dish. The planarization and thermal curing process were followed for 

the PDMS stamp with a thickness of 1200 µm. The AgNW solution (1 wt.% in IPA 

with a diameter of 32 nm and length of 25 μm, Nanopyxis) diluted with IPA at a 

volume ratio of 1:3 for enhancement of uniformity of AgNW layers after the spin-

coating of the AgNW solutions on the PDMS stamp. Prior to the spin-coating of the 

AgNWs, an air plasma treatment (CUTE-1MP, Femto Science) at 15 W for 15 s was 

implemented on the surface of the PDMS stamp to form hydroxyl groups on the 

surface and hence enhance wettability. The diluted AgNW solution was spin-coated 

on the plasma-treated PDMS stamp at 2000 rpm, and the coating number of the 

AgNWs was optimized for the demonstration of the tunability of optoelectronic 
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properties. After drying at room temperature to remove solvents without any cracks 

possibly induced by a thermal expansion of the PDMS stamp, the conductivity 

improvement process progressed with sodium chloride (NaCl) [61, 98]. The AgNW 

networks on PDMS stamps were immersed in 1 wt.% NaCl solution dispersed in DI 

water and then washed in the DI water for 9 min to improve the conductivity of the 

AgNW networks while maintaining the transmittance. During the fabrication of the 

AgNW stamps, PEDOT:PSS patterns were simultaneously prepared on the target 

substrate. The D-sorbitol (Sigma-Aldrich) aqueous solution was prepared by 

dissolving the D-sorbitol in DI water with a concentration of 2.35 g/g. At the same 

time, the conductive PEDOT:PSS (HIL-1005, Orgacon) was mixed with 

fluorosurfactant (Capstone FS-30, Chemours) with 2 wt.% to reduce the surface 

tension and improve jettability during the inkjet-printing process. The 

fluorosurfactant-blended PEDOT:PSS was mixed with a D-sorbitol (Sigma-Aldrich) 

aqueous solution at a weight ratio of 9:1, and the stirring process was followed to 

achieve D-PEDOT:PSS solution. After that, the pre-patterned D-PEDOT:PSS 

transfer template was obtained using a piezoelectric inkjet printer (DMP-2831, 

Dimatix Corp.) on the various substrates. The volume of the D-PEDOT:PSS droplet 

was 10 pL in normal fabrication, and it was optimized to 1 pL for achieving micro-

patterning of the blended PEDOT:PSS line in a width of 30 µm. In the case of PEN 

(Q65H, Teijin Dupont Films) substrates, they were treated with an ultraviolet (UV)-

ozone cleaner (AH1700, Ahtech LTS) for 5 min to enhance the wetting property. In 

the case of PDMS substrates, they were treated with air plasma at 15 W for 4 min as 

the surface treatment. After the inkjet printing with the desired pattern, the samples 

were annealed at 120 ℃ for 1 h, except for the PDMS. The transfer template with 

the pre-patterned PEDOT:PSS film and the AgNW-coated PDMS stamp were 
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attached while applying mild pressure. Subsequently, the attached sample was placed 

on the hot plate set to 100 ℃ for 10 min to enable the effective AgNW transfer from 

the PDMS stamp onto the transfer template. After cooling at room temperature for 5 

min, the PDMS stamp was peeled off, and the AgNW networks were selectively 

transferred only onto the PEDOT:PSS transfer template. I manufactured various 

display applications to apply the flexible AgNW-transferred PEDOT:PSS TEs to 

flexible electronics. First, two types of light-emitting diode (LED) arrays were 

fabricated. Red LEDs (SML-P11UT, Rohm Semiconductor) were placed on the 

AgNW-transferred PEDOT:PSS TEs using a chip placement machine (TM220A, 

NeoDen Tech) to achieve the LED arrays with desired patterns. For conformal 

bonding between the LED and electrode, silver epoxy (Ablebond 84-1LMISR4, 

Henkel) was dispensed using an automatic dispenser (SHOTmini 200Sx, Musashi 

Engineering). Second, the touch screen panels (TSPs) were demonstrated with the 

AgNW-transferred PEDOT:PSS TE on PEN substrate as the bottom electrode and 

ITO on polyethylene terephthalate (PET) substrate as the top electrode. The copper 

tape was attached to both sides of the top and bottom electrodes to connect them with 

a touch panel module (NJY-0141-TP4RES, NJY TOUCH). Afterward, the scotch 

tape spacer and top electrodes were placed on the bottom electrodes. Finally, all 

solution-processed polymer light-emitting diodes (PLEDs) that operate under low-

operation voltage were fabricated by conducting the AgNW transfer on the 

previously transferred PEDOT:PSS top anodes of devices [96]. Due to the weak 

adhesion between the PEDOT:PSS anode and active layers of the devices, the plasma 

treatment time of the PDMS stamp was optimized to 10 s. The completed devices 

were encapsulated using a cover glass and UV-curable resin (XNR5570, Nagase 

ChemteX Corp.). The sheet resistance of the electrodes was measured by a four-point 
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probe (FPP-5000, Changmin), and their optical property was obtained using a 

UV/VIS spectrometer (Lambda 35, Perkin Elmer). The images were taken with an 

optical microscope (DSX-HRSU, OLYMPUS Corp.) and a field emission scanning 

electron microscope (FE-SEM, Hitachi S-4800). The surface roughness and 

thickness were examined by a non-contact mode atomic force microscopy (NC-AFM) 

system (XE-100, Park system). The adhesion with the substrate was explored by the 

test using the 3M scotch tape, and the resistance of each electrode was measured by 

a semiconductor parameter analyzer (4155C, Agilent). The bending test was carried 

out using a custom-made bending machine, and their resistance was measured by a 

sourcemeter (Keithley 2400, Keithley) during the bending stress. For the application 

to PLEDs, their electrical and optical characteristics of PLEDs with a pixel size of 

1.4 × 1.6 mm2 were measured by a digital multimeter (Keithley 2000, Keithley) and 

a source-meter unit (Keithley 237, Keithley) by sweeping the bias voltage with an 

interval of 0.1 V and a spectrometer (CS-1000A, Konica Minolta), respectively.
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2.2.3. Results and Discussion

Figure 2.3 (a) Optical images of AgNW transfer according to the various conditions, 

(b) SEM images of the AgNW-coated PDMS stamp at (i) non-transferred area, (ii) 

transferred area, and (iii) AgNW-transferred PEDOT:PSS, and (c) optical images of 

contact angle of DI water on the PDMS stamp according to the transfer process.

Figure 2.3 shows the optimization of facile patterning of AgNW networks with 

a combination of optimized PEDOT:PSS ink and transfer of the AgNWs on the 

PEDOT:PSS surface. First, a D-sorbitol aqueous solution was blended with the 

PEDOT:PSS ink to increase the adhesion of the PEDOT:PSS surface. The adhesive 
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property of the D-sorbitol easily provides mechanical attachment between two 

interfaces of devices. At the same time, the conductive PEDOT:PSS makes it 

possible to ensure electrical contact between them. The previous research 

demonstrated the patterning process of PEDOT:PSS TEs by transfer-printing of 

PEDOT:PSS onto the target substrates [96]. In this publication, the sheet resistance 

change and feasibility of the transfer process were investigated according to a 

concentration of D-sorbitol. And the PEDOT:PSS pattern in blended PEDOT:PSS 

was successfully transferred onto PDMS with a D-sorbitol concentration of above 

10 wt.%, while the conductivity decreased as the concentration of D-sorbitol 

increased. Therefore, the blended PEDOT:PSS with 10 wt.% D-sorbitol solution was 

selected for AgNWs transfer templates for both the conformal transfer of AgNWs 

and the reliable conductivity of PEDOT:PSS. According to Fig. 2.3(a), the transfer 

of the AgNWs on the pristine PEDOT:PSS was not observed because the adhesion 

of the pristine PEDOT:PSS is not enough to attach the AgNWs on the PEDOT:PSS. 

On the other hand, the AgNWs and the PEDOT:PSS were laminated and formed as 

one composite layer in the case of the inkjet printing of the D-PEDOT:PSS. Heat 

treatment is another crucial factor for the successful transfer process of AgNWs. 

When the AgNW-coated PDMS stamp was attached to the PEDOT:PSS-printed 

target substrate, AgNWs and D-PEDOT:PSS merged into one film, as I mentioned 

before. For the implementation of the transfer of the AgNWs from the PDMS stamp 

to the PEDOT:PSS surface, the adhesion force between the PDMS stamp and the 

AgNWs is a critical factor for the transfer process. During the heat treatment, the 

adhesion force between the PDMS stamp and the AgNWs decreases. Cracks occur 

on the plasma-treated surface due to the thermal expansion of the PDMS, and the 

adhesion force of the PDMS decreases [96, 99, 100]. I confirmed the change of the 
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adhesion force through the contact angle measurement because the adhesion force is 

closely related to the contact angle [77]. According to Fig 2.3(c), the contact angle 

of the DI water on PDMS decreases after plasma treatment, and the contact angle 

reduction proves the possibility of the deposition of AgNWs on the PDMS stamp. 

Furthermore, the increase of the contact angle after the heat treatment demonstrates 

the degradation of the adhesion force of the PDMS. Since the AgNWs and the D-

PEDOT:PSS were laminated and became a single composite, the AgNWs were 

detached from the PDMS stamp only after the thermal annealing process. As shown 

in the SEM images in Fig. 2.3(b), the AgNW networks were fully transferred onto 

the PEDOT:PSS transfer template without any AgNW residues on the transferred 

part of the PDMS stamp. However, when the transfer process during the attachment 

was conducted without the heat treatment, the PEDOT:PSS transfer template was 

reversely transferred to the PDMS stamp. I fabricated a several AgNW-transferred 

PEDOT:PSS TEs patterned by an inkjet-printing with various patterns on different 

substrates, including glass, PEN, and PDMS substrates, showing applicability to 

flexible or stretchable electrodes (Figure 2.4). According to the enlarged images of 

the AgNW-transferred PEDOT:PSS templates on various substrate, the AgNWs was 

precisely transferred even at the edge of the PEDOT:PSS templates. The AgNWs

also can be transferred onto the PEDOT:PSS transfer template fabricated on organic 

layers. Figure 2.5 indicates transferred AgNW networks on AI 4083, one of the most 

widely used materials in organic light-emitting diodes. The PEDOT:PSS transfer 

template was deposited by the transfer process to prevent damage to underlying 

organic layers. Patternability of AgNWs on the PEDOT:PSS layers ensures the 

processability of top electrodes even on hydrophobic layers such as light-emitting 

layers by spin-coating of the PEDOT:PSS hole-injection layers (HIL) (Figure 2.5(c)).
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Figure 2.4 (a) Optical images of the AgNW-transferred PEDOT:PSS patterns on 

various substrates, and (b) enlarged image of the patterns.

Figure 2.5 Optical images of the AgNW-transferred PEDOT:PSS on a) glass 

substrate, b) PEDOT:PSS HIL, and c) on PEDOT:PSS-coated SY. 

Optoelectronic properties of AgNW-transferred PEDOT:PSS TEs are exhibited

in Fig. 2.6 and Table 2.1. The transmittance was compared at a wavelength of 550

nm, and a figure of merit (FOM) was derived through Haacke’s method [101]. The 

AgNW-transferred PEDOT:PSS TEs were fabricated on various substrates, 

including glass, PEN, and PDMS. In the case of the glass substrate, the AgNW-

transferred PEDOT: PSS exhibited a sheet resistance (Rsh) of 8.2 Ω/sq and a 

transmittance (T) of 87.4 %. In case of the PEN substrate, the AgNW-transferred
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Figure 2.6 (a) Sheet resistance of the ITO, PEDOT:PSS, and AgNW-transferred 

PEDOT:PSS patterns on various substrates, and (b) Transmittance in the wavelength 

range from 400 nm to 780 nm. The inset image of the (b) shows the AgNW-

transferred PEDOT:PSS on PEN substrate.

Table 2.1 Optoelectronic properties of ITO, PEDOT:PSS, and AgNW-transferred 

PEDOT:PSS
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PEDOT:PSS showed Rsh of 9.4 Ω/sq and T of 88.1 %, respectively. I compared the 

optoelectronic properties of the three TEs on the PEN: ITO, PEDOT:PSS, and 

AgNW-transferred PEDOT:PSS. The measured Rsh of the ITO TEs on the PEN was

78.8 Ω/sq at a T of 86.1 %. The low conductivity of ITO compared to that on the 

glass originated from the low heat resistance of the PEN substrate. The process-

capable temperature of the PEN substrate is 150 ℃ [102], but the ITO films need a 

much higher temperature for the crystallization of the deposited ITO [103]. In 

addition, the PEDOT:PSS on the PEN also showed poor conductivity with excellent 

transmittance. As a result, the FOM value of the ITO was 2.8 mΩ-1 and that of 

PEDOT:PSS was 2.4 mΩ-1, while the AgNW-transferred PEDOT:PSS achieved a 

great FOM of 29.9 mΩ-1 which was caused by maintaining outstanding conductivity

of the patterned AgNWs. And the optoelectronic property of AgNW-transferred

PEDOT:PSS on the PDMS substrate was also measured, and the AgNW TEs on the

PDMS showed Rsh of 8.1 Ω/sq and T of 82.6 %, respectively. In conclusion, the 

AgNW-transferred PEDOT:PSS can be a proper candidate for the flexible TEs to 

replace the ITO at the flexible electronics. And the patterned AgNWs maintained 

their properties even on the PDMS substrates. In addition, the optoelectronic 

properties of the AgNW-transferred PEDOT:PSS can be easily controlled by the 

change of the AgNW-coating conditions, such as the number of coatings and 

concentration of the AgNW (Figure 2.7). The AgNW TEs can be tuned from semi-

transparent electrodes with high conductivity (Rsh: 1.9 Ω/sq and T: 24.0 %) to highly 

transparent electrodes with moderate conductivity (Rsh: 38.6 Ω/sq and T: 93.5 %).

Therefore, the AgNW-transferred PEDOT:PSS TEs can be straightforwardly tuned 

according to the demand of the display applications.



２９

Figure 2.7 Optoelectronic properties of the AgNW-transferred PEDOT:PSS TEs 

with various spin-coating conditions and concentrations of AgNW solution.

In addition to the easy tunability of the electrode properties, there are two more 

advantages when the AgNWs are patterned by the selective transfer method. First, 

the resolution of the AgNW TEs can be enhanced by inkjet printing of the 

PEDOT:PSS templates with a width of tens of micrometers. Figure 2.8(a) shows the 

AgNW-transferred PEDOT:PSS lines with widths from 200 µm to 30 µm on the 

glass substrates. In case of the 30 µm width, the inkjet-printing droplet was reduced 

from 10 pl to 1 pl to achieve a precise pattern. Patternability of the AgNWs with my 

selective transfer method in a width of 30 µm was comparable with conventional 

patterning methods [60, 77]. According to Fig. 2.8(c), AgNWs also can be 

transferred to the PEDOT:PSS template on a PEN substrate as narrow as the width 

of 100 µm, expanding their applications to flexible electronics in the microscale.

When the LED was connected with TEs with a width of 50 μm, the LED connected 

to the AgNW-transferred PEDOT:PSS emitted green light with higher intensity 

compared to the PEDOT:PSS only electrode (Figure 2.8(b)), And that phenomenon 

proves that the transferred AgNWs on the PEDOT:PSS dramatically reduce the 

current level.
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Figure 2.8 Optical images of the (a) AgNW-transferred PEDOT:PSS line on the 

glass substrates with width 200 μm, 100 μm, 50 μm, and 30 μm, (b) light emission 

of LEDs connected with PEDOT:PSS-only (top) and AgNW-transferred 

PEDOT:PSS TEs (bottom) with width of 50 μm, and the (c) AgNW-transferred 

PEDOT:PSS patterned on PEN substrates with width of the 500 μm, 200 μm, and 

100 μm.
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Figure 2.9 (a) Resistance change of AgNW-transferred PEDOT:PSS and ITO TEs 

after 1000 cycles of bending test according to the change of bending radius, and (b) 

resistance change of the TEs according to the number of bending cycles. 

And another superiority of the selective transfer patterning of the AgNW is 

mechanical flexibility. I conducted the patterning process of the AgNWs on the PEN 

substrate with a thickness of 125 μm, and the flexibility of the ITO TEs and AgNW-

transferred PEOD:PSS TEs on PEN were measured by a custom-made bending test 

machine. The mechanical flexibility was investigated using a bending test under 

various bending radii of 2, 4, 6, 8, and 10 mm (Figure 2.9). Unlike the ITO film with 

inherent brittleness, the AgNW-transferred PEDOT:PSS TEs on the PEN substrates 

maintained their resistance after 1000 bending cycles at all bending radii, exhibiting 

little resistance change of 1.09 even at the radius of 2 mm. 

Based on these results, I applied the flexible AgNW-transferred PEDOT:PSS 

TEs to several flexible electronic devices, such as LED arrays, touch screen panels 

(TSPs), and all solution-processed polymer light-emitting diodes (PLEDs). In these 

various applications, my simple patterning method of the AgNW networks facilitates 

the circuit design with a high degree of freedom, unlike their conventional patterning.
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Figure 2.10 (a) Schematic design of 5x5 LED array, optical image of the operated 

LED arrays under (b) flat, (c) outward bending, and (d) inward bending state.

Figure 2.11 (a) Schematic design of warning-sign array, optical image of (b) off and 

(c) on state of warning-sign array which is operated by the ITO switch attached on 

the top of bottle cap.

First, I demonstrated the flexible LED arrays with the AgNW-transferred 

PEDOT:PSS TEs as the interconnects of the LEDs. Two types of LED arrays were 
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fabricated: a 5 x 5 array and a warning-sign array. The schematic circuit diagrams of 

two arrays are shown in Fig. 2.10(a) and Fig. 2.11(a). Each LED segment was placed 

on the designed location, which was determined by patterns of the AgNW-transferred 

PEDOT:PSS TEs on the PEN substrate. When the bias was applied to the 5 x 5 LED 

array, all LEDs of the array emitted light brightly and operated normally, exhibiting 

a clear background image, unlike the previous report using the opaque electrodes 

(Figure 2.10(b)) [56]. In addition, the stable LED operation was achieved due to the 

remarkable mechanical flexibility of the AgNW-transferred PEDOT:PSS TEs under 

the bending state with an inward and outward bending state, according to Fig. 2.10(c) 

and (d). In addition, the warning-sign array was also constructed as one of the other 

practical examples to demonstrate highly customizable LED arrays with my TEs. A 

switch composed of two ITO-coated PEN substrates was attached to a bottle cap, 

enabling the warning-sign LED array to turn on only when operators touch the bottle 

cap. The warning sign LED array attached on a curved surface of the bottle exhibited 

on/off operation at both opening and closing situations (Figure 2.11(b) and (c)). 

Second, the TSPs were fabricated using the AgNW-transferred PEDOT:PSS TEs as 

the bottom electrodes with a rectangular mesh pattern composed of 500 µm width 

and 700 µm pitch on the PEN substrate (Figure 2.12(a) and (b)). For a 

demonstration of the TSPs, the spacer and ITO top electrodes were placed on the 

bottom AgNW-transferred PEDOT:PSS mesh pattern. My TSP responds to the 

resistance change through the touch panel module by sensing the pressure in the 

active area and the resulting physical and electrical contact between the bottom and 

top electrodes. As a result, my TSPs demonstrated great sensitivity without distortion 

or crosstalk and repeatability, showing clear characters on the laptop screen 

corresponding to the pressure I applied on their active region (Figure 2.12(c)).
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Figure 2.12 (a) Schematic design of the TSP with ITO top electrodes and AgNW-

transferred PEDOT:PSS bottom TE, (b) optical image of the patterned AgNW-

transferred PEDOT:PSS for TSP panel, and (c) image of TSP operation.

In addition to the AgNW patterning on directly inkjet-printed PEDOT:PSS 

films, the AgNW networks can be selectively transferred onto indirectly deposited 

PEDOT:PSS films such as transfer printing, as I previously mentioned in Fig. 2.5.

According to the patternability of the AgNWs on the organic layers, I applied 

AgNW-transferred PEDOT:PSS TEs to anodes of all solution-processed PLEDs [96]. 

I used the D-PEDOT:PSS TEs transferred onto the active layers of the PLEDs as the 

transfer template. The AgNW networks were selectively transferred to fabricate 

transparent anodes of the PLEDs, to compensate low conductivity of the D-

PEDOT:PSS TEs (Figure 2.13). For successful transfer of the AgNW networks onto 
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Figure 2.13 Schematic of the all-solution-processed PLEDs with PEDOT:PSS-only 

(left) and AgNW-transferred PEDOT:PSS (right) top anode.

Table 2.2 Optoelectronic properties of AgNW-transferred TEs under different 

fabrication condition.

the transferred PEDOT:PSS TEs and stable operation of PLEDs, I modified the 

plasma treatment time to PDMS stamp and thickness of the blended PEDOT:PSS 

TEs for successful transfer of AgNWs onto the transferred PEDOT:PSS (Table 2.2). 

The fabricated AgNW-transferred showed 8.4 Ω/sq and 8.1 Ω/sq of sheet resistance 

and 85.7 % and 82.3 % of transparency for each case, respectively. Figure 2.14(a) 

and 14(b) shows device characteristics and light emission images of the PLEDs on 

PEN substrates with different anodes; the blended PEDOT:PSS (PEDOT-PLEDs) 

and the AgNW-transferred PEDOT:PSS TEs (AgNW-PLEDs). According to current 

density-voltage-luminance (J-V-L) characteristics, the AgNW-PLEDs exhibited a 
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Figure 2.14 (a) J-V-L characteristics and (b) efficiencies of the PEDOT-PLEDs and 

AgNW-PLEDs, and optical images of (c) off-state of PLEDs (left), on-state of 

PEDOT-PLEDs (middle), and on-state of AgNW-PLEDs (right).

Table 2.3 Device characteristics of the PEDOT-PLEDs and AgNW-PLEDs in terms 

of turn-on voltage, operating voltage at current of 1 mA, current efficiency and 

power efficiency.

higher current density than the PEDOT-PLEDs at the high voltage range without 

changing the turn-on voltage. In addition, the AgNW-PLEDs demonstrated a similar 

current efficiency of 6.92 cd/A and a higher power efficiency of 3.37 lm/W at 

luminance of 1000 cd/m2 compared to those of the PEDOT-PLEDs (Table 2.3). The 



３７

increased power efficiency of the AgNW-PLEDs originated from the reduced sheet 

resistance caused by the enhanced conductivity of the anodes after the selective 

transfer of the AgNWs on the PEDOT:PSS transfer template. Furthermore, the 

AgNW-PLEDs showed stable light emission even under bending stress with a 

bending radius of 3.5 mm (an inset image of the J-V-L graph). The light emission 

images of two types of PLEDs with large-scale pixels were also compared to 

investigate the lower voltage drop and uniform luminous emission of the AgNW-

PLEDs. Unlike the PEDOT:PSS PLEDs, the AgNW PLEDs emitted uniformly 

through the whole pixels, even at the edge of the large pixel pattern far from the 

contact pad (Figure 2.14(c)). Therefore, it is evident that my all-solution-processed 

PLEDs with the AgNW-transferred PEDOT:PSS anodes can achieve significant 

improvement in operating voltage and power consumption with maintaining their 

optoelectronic properties of the PLEDs.
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2.3. Conclusion

In summary, I demonstrated the facile patterning method of the AgNW 

networks by conducting the inkjet-printing of the PEDOT:PSS transfer template and 

selective transfer of the AgNW networks onto it. The AgNW-transferred 

PEDOT:PSS TE on the PEN substrate showed not only superior optoelectronic 

properties but also more outstanding mechanical stability compared to the ITO. 

Various electrodes with different optoelectronic properties were also fabricated by 

adjusting the AgNW coating conditions. In addition, it exhibited the fine-line 

electrodes, which have a minimum width of 30 μm while consuming less power due 

to their high conductivity and thus reduced voltage drop. Furthermore, the previous 

issues of the AgNWs, such as the rough surface and weak adhesion with the substrate, 

were overcome by the partially embedded AgNWs in the PEDOT:PSS matrix, 

allowing a smoother surface and stronger adhesion with the substrate. Finally, 

employing the AgNW-transferred PEDOT:PSS TEs, several applications were 

demonstrated to explore highly customizable AgNW-transferred PEDOT:PSS TEs 

with excellent optoelectronic properties. The formation of high-performance flexible 

TEs and their facile patterning pave the way for realizing highly customizable 

flexible electronics in cost-effective and large-area fabrication. In the future, the 

application areas using my electrodes will be further expanded, including the bottom 

electrodes of the optoelectronic devices and stretchable electronics.
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Chapter 3 High-resolution Patterning of Conductive 

Electrodes

3.1. Introduction

This chapter introduces a maskless patterning method of AgNW electrodes on 

various next-generation display platforms with high resolution. Although the 

AgNWs can be easily deposited on various substrates via a solution process [104-

107], a patterning process is one of the remaining hurdles for applying the AgNW 

networks to future display applications. In addition, the importance of patterning 

deformable conductive electrodes with high resolution has grown as the resolution 

of deformable electronics has increased with the development of wearable electronic 

devices with micro-meter scales such as micro-LEDs [108-111], wearable sensors

[112, 113], and stretchable integrated circuits [114, 115]. Therefore, a lot of studies 

have suggested various AgNWs patterning techniques. In Chapter 2, I previously 

introduced a maskless patterning method based on inkjet-printing of PEDOT:PSS 

ink blended with D-sorbitol and selective transfer of AgNWs only on the blended 

PEDOT:PSS patterns. When the AgNW-coated stamp was attached to PEDOT:PSS 

and the AgNW-attached PEDOT:PSS template was annealed above the melting 

temperature of adhesive, AgNWs were combined with PEDOT:PSS template and 

easily transferred from the elastomer stamp to target substrate. 
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Figure 3.1 Optical images of the transfer failure at (a) pattern edge of large-scale 

electrodes and (b) patterns with micrometer scale width.

Although this approach ensured facile AgNW patterns on flexible substrates, 

there were several limitations on the fabrication of high-resolution electrodes and 

stretchable applications. First, mechanical stress during the lamination of the AgNW-

coated PDMS stamp causes a decrease in patterning accuracy in the case of the 

micrometer scale. When the heat was applied to the AgNW stamp attached to the 

PEDOT:PSS-patterned substrate, the AgNWs were laminated on the PEDOT:PSS 

surface and formed a single electrode layer. When the AgNW stamp was detached 

from the PEDOT:PSS surface, the AgNWs on the side of patterns were ripped from 

the PDMS stamp because the AgNWs attached to the PEDOT:PSS template was only 

transferred from the PDMS stamp (Figure 3.1(a)). The lack of uniformity of the 

AgNW pattern edge is a serious drawback in patterns with a micrometer scale. In 

addition, an external force was applied to the PDMS stamp during the attachment 

process for uniform lamination between the AgNWs and the PEDOT:PSS surface. 

Unlike the PEDOT:PSS patterns with a large area, the AgNW-PEDOTPSS patterns 

with a micrometer scale showed low transfer yield because the mechanical force 

easily causes critical damage on the microscale patterns with a small contact area 

(Figure 3.1(b)).
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Figure 3.2 Optical images of the spin-coated AgNW on the PDMS stamp with 

different adhesion.

The selective transfer method of AgNWs also showed weakness in stretchable 

electronics. During the transfer process, the adhesion force between the PDMS stamp 

and the AgNWs (Fa) and the adhesion force between the substrate and the 

PEDOT:PSS template (Fb) were involved in the selective patterning of the AgNWs. 

If Fa is smaller than Fb, the AgNW networks attached to the PEDOT:PSS were 

successfully transferred onto the desired substrate [116]. While the Fb is sufficient to 

achieve facile patterning in the case of the glass and plastic substrate, a process 

window of the selective transfer of AgNWs on the PDMS substrate is narrow because 

the stamp and the substrate are composed of the same material. In order to obtain 

successful delamination of the AgNWs from the stamp surface, Fa should be 

optimized by reducing the surface treatment time. Figure 3.2 shows the AgNW-

coated PDMS stamp surface with various surface treatment conditions. An air-

plasma treatment time was controlled to optimize the adhesion between PDMS and 

stamp. However, the reduced Fa obtained by lowering the plasma treatment time 

diminished the uniformity of the AgNW layers, and thus the electrical properties of 

the patterned AgNWs deteriorated. In conclusion, an improved patterning technique 

of the AgNWs should be required for high-resolution patterning on the elastomeric 
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substrate. 

Previously, several patterning approaches based on the printing of a protective 

layer have been reported. For example, Li et al. suggested a printing-based patterning 

method based on printing poly(methyl methacrylate) (PMMA) on pre-coated 

AgNWs [117]. The printed PMMA layer covered the AgNWs and protected them 

from the removal process of uncovered AgNWs. Although the PMMA-assisted 

patterning showed high patterning freedom according to the inkjet-printed PMMA 

patterns, the droplet size of the inkjet-printing disturbed the resolution improvement. 

In addition, PMMA covered on AgNW patterns should be dissolved after the 

patterning process because the insulating property of PMMA hinders electrical 

contact with adjacent layers. In addition to the PMMA-assisted patterning, Wan et 

al. achieved high-resolution patterning of AgNW lines by a selective covering of 

PMMA on pre-patterned AgNWs, which were previously fabricated with the same 

patterning method [118]. However, the complicated design of patterns and repeated 

patterning process were necessary for high-resolution AgNW lines and therefore 

interrupted the freedom of patterning.

In this chapter, I suggested an adhesive-assisted patterning method of AgNWs 

based on enhanced adhesion between the patterned PEDOT:PSS covering layer and 

the underlying adhesive layer. Poly(vinyl alcohol) (PVA) was reported as an 

adhesive layer between substrates and PEDOT:PSS polymer by forming an 

interpenetrating polymer network with PEDOT:PSS polymer chain [119]. So I 

printed PEDOT:PSS on the AgNW-coated PVA surface to hold the AgNW patterns 

by placing the AgNWs between the PEDOT:PSS and PVA. Unlike the previous 

patterning approaches based on the protective layer, PEDOT:PSS was patterned even 

on the elastomeric substrates with high resolution in my patterning strategy. After 
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spin-coating of PVA adhesive on the amine-functionalized substrate, spray-coating 

of AgNW on the PVA underlying layer was followed. When the PEDOT:PSS was 

printed on AgNW/PVA surface, PEDOT:PSS covered the AgNWs and penetrated 

AgNW networks. AgNWs covered by adhesion-enhanced PEDOT:PSS were 

protected during removal and formed reliable electrode patterns without damaging 

the patterned area. Combination of conductive PEDOT:PSS and AgNWs showed 

reliable electrical contact without the extra dissolving process of PEDOT:PSS and 

demonstrated superior adhesion with substrates due to the presence of underlying 

PVA. Strong bonding between PEDOT:PSS and PVA enabled precise patterning of 

AgNWs onto various substrates, even on PVA-coated plastic substrates and pre-

stretched elastomers with reliable mechanical stability. Electrical properties of 

patterned AgNWs with PEDOT:PSS can be easily controlled by optimization of 

spray-coating conditions of AgNWs. For patterning AgNWs with high resolution, 

PEDOT:PSS was also printed on AgNWs by EHD printing. Under the EHD printing 

process, high voltage is applied between the substrate and nozzle, and ions are 

accumulated at the ink surface. Accumulated ions at the PEDOT:PSS ink surface 

forms a conic surface at the end of the nozzle, and the ink is continuously dropped 

from the cone. Through EHD printing of PEDOT:PSS on AgNW, the AgNW lines 

can be patterned with a width under 20 μm and a pitch of 40 μm. The AgNW 

patterned by inkjet and EHD printing can be applied to various electronic devices, 

including stretchable LED arrays and heaters with mesh structures. And the reliable 

conductive property of patterned AgNWs expands their applicability to various high-

resolution deformable electronics.
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3.2. High-resolution Maskless Patterning of AgNWs Based on 

Adhesion Enhancement of PEDOT:PSS

3.2.1. Main Concept

Figure 3.3 Schematic image of the principles of PVA-assisted patterning method.

The importance of the patterning method of the AgNWs has grown to apply the 

AgNWs to high-resolution deformable electronics, as I mentioned in chapter 3.1. An 

alternative patterning approach should be introduced to achieve both resolution 

improvement of the electrode patterns and stable fabrication on substrates with poor 

heat resistance. Figure 3.3 shows the maskless patterning concept of the AgNW 

electrodes with a PVA-assisted method. Inoue et al. previously reported a promising 

method of developing the adhesion of PEDOT:PSS by introducing adhesive layers 

between the PEDOT:PSS and the substrates [119]. According to the reported 

approach, the conductive polymers such as PEDOT:PSS, polypyrrole, and 

polyaniline were coated on the polymer adhesive layer previously coated on the
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Figure 3.4 Schematic image of the deposition of PEDOT:PSS with enhanced 

adhesion by underlying adhesive layer [119].

amine-functionalized substrate. Interpenetration between the conductive polymer 

and the adhesive layer, like PVA or polyurethane, improves the adhesion of the 

conductive polymer and prevents the polymer layers from detachment (Figure 3.4). 

In my work, the PEDOT:PSS is patterned on the AgNW-coated PVA substrates 

for preserving the underlying AgNWs during the patterning process. The PVA layer 

is previously deposited on the target substrate by a spin-coating method to create an 

adhesive surface under the AgNW layers. The PVA layer can be fabricated on 

arbitrary substrates, including elastomeric materials, by producing amine groups on 

the target surface. After spin-coating of the PVA adhesive layer, AgNWs are 

deposited on underlying PVA layers by spray-coating. Although the conventional 

patterning method needs masks for patterning the AgNW electrodes, the AgNWs are 

spray-coated on the whole region in my patterning method without the requirement 

of patterning masks to enhance the patterning freedom of AgNWs and decrease 

fabrication cost. To define the AgNW electrode patterns without a prevailing 

patterning mask, the PEDOT:PSS is selected as a protective layer owing to the 
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enhanced adhesive property of the PEDOT:PSS on the PVA layer. PEDOT:PSS 

shielding layer patterns are deposited on the AgNWs according to desired patterns 

by various printing techniques. The printed PEDOT:PSS patterns are covered on the 

AgNW surface, and the PEDOT:PSS penetrates through the voids between the 

AgNW networks and successfully combines with the PVA layer underneath the 

AgNW. As a result, the improved adhesion of the PEDOT:PSS after heat treatment 

protects the AgNWs from external mechanical stress and prevents the AgNW 

networks from detachment during the removal process of unnecessary AgNWs 

outside the pattern region.
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3.2.2. Experimental Section

Figure 3.5 Schematic image of patterning sequence of AgNWs based on PVA-

assisted method.

Figure 3.5 represents a patterning sequence of AgNW electrodes based on the 

PVA-assisted method. First, an aqueous poly-l-lysine (PLL) solution (0.1 % w/v, 

Sigma-Aldrich) was prepared for the amine-functionalization of an applied substrate. 

Both eagle glass and PEN (Q65H, Teijin Dupont Films) were cleaned using an ultra-

sonication bath in acetone, IPA, and DI water, respectively. For fabrication on an 

elastomeric substrate, the PDMS elastomer base was mixed with a curing agent 

(Sylgard 184, Dow Corning) with a weight ratio of 15:1, and mixed PDMS was spin-

coated on glass at 300 rpm. After curing PDMS with a temperature of 120 ℃ for 1 

hour, the PDMS was peeled off from the glass substrate and attached to the stretching 

jig for applying strain before patterning the AgNWs. After preparation of the 
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substrates, ultraviolet-O3 treatment (AH1700, Ahtech LTS) was conducted on the 

substrate for 10 minutes to create a hydroxyl group on the glass and PEN surface, 

and air plasma treatment (CUTE-1MP, Femto Science) was implemented with the 

power of 30 W for 20 s in case of pre-stretched PDMS substrate. For the fabrication 

of an amine-functionalized PLL layer on a UV-treated substrate, the PLL solution 

was drop-casted for 10 minutes, and a rinsing process with DI was followed. After 

amine-functionalization, 5 wt.% PVA (Sigma-Aldrich) solution dissolved in DI was 

spin-coated on a PLL-treated surface at 2000 rpm to increase the adhesion between 

the substrate and the electrodes, and the annealing process on 80 ℃ a hotplate was 

followed. AgNW (Yurui Chemical Co., Ltd) solution was subsequently deposited on 

PVA layers by a spray-coating method. Two types of AgNW inks were prepared. For 

the fabrication of transparent electrodes, AgNW solution (10 g/L in IPA, diameter of 

100 nm and length of 35 µm) was diluted with IPA at a volume ratio of 1:3 to achieve 

uniform conductivity of fabricated transparent electrodes. Secondly, for highly 

conductive micro-patterned electrodes, AgNW solution (5 g/L in IPA, diameter of 30 

nm and length of 25 µm) was sonicated by tip-sonicator (VCS 130, Sonics & 

Materials Inc.) at 60 % amplitude (78 W) for 10 min, to reduce the length of AgNWs 

and consequently to improve patternability at a micrometer scale. Prepared AgNWs 

were deposited on a PVA-coated substrate by spray-coater (eNano, Enjet Corp.) with 

a stage temperature of 80 ℃, air pressure of 3 kPa, and a flow rate of 3 ml/min. After 

deposition of AgNWs, PEDOT:PSS (0.8 wt.% in DI, IJ-1005, Orgacon) layer was 

printed on the AgNW surface according to designed patterns. Two types of printing 

methods were adopted: inkjet printing and EHD printing. In the case of large patterns 

with a minimum feature size of 50 µm, PEDOT:PSS pattern was printed by an inkjet 

printer (DMP-2831, Dimatix Corp.) with optimized PEDOT:PSS ink. PEDOT:PSS 
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ink used at inkjet-printing was prepared by diluting PEDOT:PSS with DI at a weight 

ratio of 1:1 and then dissolving 1 wt.% of fluorosurfactant (Capstone FS-30, 

Chemours). For patterns with a width of less than 40 µm, PEDOT:PSS was deposited 

by an EHD printer (SIJ-S050, SIJ Technology Inc.) with an inner nozzle diameter of 

30 µm. In this case, PEDOT:PSS diluted with DI was dissolved with 0.3 wt.% of 

Triton X-100 (Sigma-Aldrich). In both cases, the deposited PEDOT:PSS pattern was 

annealed on a 130 ℃ hotplate for 1 hour to enhance the adhesion between 

PEDOT:PSS and PVA layer. After the annealing process, the surface of the substrate 

was wiped with IPA to remove non-patterned AgNWs. After the removal process, 

sonication was performed with a bath sonicator to remove AgNW residues that were 

not part of AgNW patterns. A transmittance of the AgNW TEs was measured by 

UV/VIS spectrometer (Lambda 35, Perkin Elmer), and the sheet resistance was 

observed by a custom-made four-point probe. The optical images of the patterned 

AgNWs were taken by two types of optical microscopes (DSX-HRSU, OLYMPUS 

Corp., and RX-100, Hirox). The resistance changes of the AgNWs during a bending 

or stretching test were measured by a sourcemeter (Keithley 2400, Keithley). Cs-

corrected transmission electron microscope (Cs-TEM, JEM-ARM200F, JEOL Ltd.), 

FE-SEM (JSM-7401F, JEOL Ltd.), and energy-dispersive X-ray (EDS) 

Spectrometer (Aztec Energy, Oxford) were used to capture the image of patterned 

electrodes and analyze the electrode components. NC-AFM (XE-100, Park Systems 

Corp.) was performed to measure the surface morphology and thickness of the 

micro-patterned AgNW lines. The resistance of AgNWs during the 3M tape test and 

the resistance of patterned AgNWs with EHD printing was measured by a 

semiconductor parameter analyzer (4145B, Agilent Technologies) at room 

temperature in a dark box and air atmosphere. The temperature of the AgNW heaters 
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was measured by an infrared thermal imaging camera (T420, FLIR system).  
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3.2.3. Results and Discussion

Figure 3.6 Optical image of the AgNW electrodes (a) before and (b) after removing 

process, (b) Cs-TEM image of the cross-section of patterned AgNWs, (d) SEM 

image of the edge of the AgNW patterns, and (e) EDS spectrum of the AgNW-

removed region and AgNW patterns region.

Figure 3.6 explains the fabrication process sequence with PVA-assisted 

patterning of AgNW electrodes. Before the spin-coating of an adhesive layer, PLL 

solution was deposited on prepared substrates to form amine groups [120]. Created 

PLL layer improved the adhesion between the PVA adhesive layer and the target 

substrates. After spray-coating the AgNWs on the PVA, uniform PEDOT:PSS

patterns can be printed on the AgNW surface without extra surface treatment (Figure 

3.6(a)). The cross-section image of the AgNW electrodes was captured by the Cs-

TEM after the printing process of the PEDOT:PSS (Figure 3.6(c)). According to the 

Cs-TEM image, PEDOT:PSS successfully filled the gaps in AgNW networks, and 
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the composite electrode layer, which consists of PEDOT:PSS, PVA, and AgNWs, 

was formed. After the annealing process of the printed PEDOT:PSS, the removal 

process, including wiping with a wiper soaked in IPA and bath sonication in DI water, 

was followed. After the removal process, the AgNWs covered by the PEDOT:PSS 

layer remained stable on the substrates without damage due to the improved adhesion 

of the PEDOT:PSS, while the AgNW networks on the PVA layer were removed 

clearly (Figure 3.6(b)). For evaluation of the patterning accuracy of the PVA-

assisted patterning method, the FE-SEM image of the edge of the AgNW pattern was 

captured, and EDS analysis was also progressed, as shown in Fig. 3.6(d) and (e). 

According to the SEM results, AgNWs were only observed on the PEDOT:PSS-

printed area, while the AgNWs were removed clearly on the non-patterned area. 

Furthermore, EDS analysis also confirmed the patterning accuracy because the sulfur 

peak originated from the PEDOT:PSS polymer chains, and the Ag peak from the 

AgNW networks was only observed at the patterned area. For precise patterning of 

the AgNWs, an annealing condition of the electrode layers after the PEDOT:PSS 

inkjet-printing process was optimized. According to Fig. 3.7(a), the annealing 

temperature conditions were controlled from 80 ℃ to 150 ℃. With the annealing 

temperature below 100 ℃, the AgNW patterns took damage from external force and 

vanished during the removal process. In addition, the AgNWs uncovered by 

PEDOT:PSS remained on PVA underlying layer in case of the annealing temperature 

of 150 ℃. As a result, the possible temperature range for enhancing the PEDOT:PSS 

adhesion and successfully removing AgNWs from the non-patterned area was from 

100 ℃ to 140 ℃. I also measured the resistance of the dogbone-shaped AgNW 

patterns with various annealing temperatures suitable for precise patterning (Figure 

3.7(b)), and the proper range of the annealing temperature for achieving both precise 
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Figure 3.7 (a) Optical images and (b) resistance of the patterned-AgNWs according 

to the annealing temperature of the PEDOT:PSS electrodes.

patterning and conductivity enhancement was selected from 110 ℃ to 140 ℃. 

The AgNW layers were patterned with high patterning freedom on various 

substrates, as shown in Fig. 3.8. First, the AgNW layers can be fabricated on a glass 

substrate with different precisely designed patterns, from large-scale symbols with a 

length of 4 millimeters to English characters with a width of hundreds of 

micrometers. The patterning process of AgNWs can also be conducted on a plastic 

substrate by spin-coating of PVA adhesive on PLL-treated PEN (Figure 3.8(c)). A 

series of numbers was patterned on the plastic substrates without a scratch or crack. 
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Figure 3.8 Optical images of various AgNW electrodes on diverse substrates 

patterned by inkjet-printing of PEDOT:PSS. (a) The large-scale logo patterns and (b) 

characters with a width of hundreds of micrometers on a glass substrate. (c) The 

AgNW patterns on the PEN substrate. The AgNW patterns on the (d) pre-stretched 

PDMS, (e) the patterns after releasing pre-strain, and (f) enlarged image of the 

patterns after releasing.

Figure 3.9 Schematic image of patterning sequence of the AgNWs on pre-stretched 

PDMS substrate.
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Figure 3.10 Optical images of (a) PVA-assisted-patterned AgNWs on 2-D pre-

stretched PDMS substrate, and (b) enlarged image of the patterned AgNWs.

In addition, the AgNWs were patterned on elastomeric substrates to achieve 

stretchable electronics with the maskless patterning process. Unlike the patterning 

on a rigid and plastic platform, a cured PDMS substrate was attached to a stretching 

jig to fabricate the AgNW patterns on a pre-stretched PDMS surface with a 1-D strain 

of 20 % (Figure 3.9). The underlying PVA layer and AgNW layer were successfully 

coated on pre-stretched PDMS due to the amine-functionalized PLL layer on PDMS, 

and AgNWs can be patterned precisely on pre-stretched PDMS without damage 

(Figure 3.8(d)). After releasing the strain of AgNW-patterned PDMS, micro-

wrinkled structures were exhibited on the surface of patterned AgNWs with a peak-

to-peak length of 11 μm, and there was no significant distortion of the patterns after 

releasing process (Figure 3.8(e) and (f)). The PDMS could also be stretched with 

the biaxial strain, and the AgNW electrodes can be deposited with the desired pattern 

onto the 2-D stretched PDMS with the PVA-assisted patterning method. After 

releasing process, wrinkles with arbitrary shapes were formed on the patterns 

(Figure 3.10). 

The PVA-assisted maskless patterning process of the AgNW was focused on 
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Figure 3.11 (a) Sheet resistance and optical transmittance at 550 nm of the AgNWs 

with various spray-coating conditions, and (b) optical transmittance of the AgNWs

with various spray-coating conditions according to the wavelength.

Table 3.1 The electrode properties of the AgNW transparent electrodes patterned 

with inkjet-printing of PEDOT:PSS.

two types of conductive electrodes: large-scale transparent electrodes and micro-

meter scale highly conductive electrodes. For patterning the large-scale transparent 

AgNW electrodes, I conducted inkjet printing for the PEDOT:PSS covering layer 

deposition. Figure 3.11 and Table 3.1 represent the electrode property of transparent 

AgNW electrodes. Spray-coating counts of the AgNWs defined fabrication 

conditions of AgNW electrodes. The patterned AgNW electrode showed sheet 

resistance of 8.4 Ω/sq and transmittance of 78.2 %, which can be applied to 

transparent electrodes. The sheet resistance can be tuned from 8.4 Ω/sq to 1.8 Ω/sq, 

while the transmittance of electrodes was changed from 78.2 % to 64.3 %, and the
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Figure 3.12 (a) Resistance change of the patterned AgNWs during the flexibility test 

with a bending radius of 1.2 mm, (b) Resistance change of the patterned AgNWs 

with different bending radii (inset of (b) shows the bending status of the AgNW 

electrodes with a bending radius of 0.2 mm (the length of the scale bar is 5 mm)), 

and (c) resistance change according to the calculated strain applied to the transferred 

AgNW TEs during the bending test.

Table 3.2 Calculated bending strain in chapter 2.

Table 3.3 Calculated bending strain in chapter 3.
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figure of merit was also calculated by the electrical to optical conductivity ratio

method [121]. The easy tunability of electrode properties with the same maskless 

patterning method paves the way for adjusting the electrode characteristics according 

to the various needs of display applications. 

Figure 3.12(a) and (b) show the flexibility of maskless patterned AgNW electrodes. 

The PVA-assisted patterning process of the AgNWs was conducted on a PEN 

substrate with a thickness of 50 µm for applying harsh conditions with a bending 

radius of under 1 µm. The fabricated AgNW electrodes showed superior flexibility 

during 1,000 times of bending cycles under a bending radius of 1.2 mm. Resistance 

of the PVA-assisted patterned AgNWs was changed to 6 % at a single bending cycle,

and it showed negligible resistance change under flat conditions after 1000 cycles 

(Figure 3.12(a)). In addition, the resistance of the patterned AgNWs showed a 

change of only 4.1 % after 1000 bending cycles under a bending radius of 0.2 mm, 

which was a folding condition of the plastic substrate (Figure 3.12(b)). To prove the 

flexibility enhancement of PVA-assisted patterning, I calculated an applied strain at 

the surface of the transferred AgNW electrodes in chapters 2 and 3 (Figure 3.12(c) 

and Tables 3.2 and 3.3) [122]. In the case of chapter 2, the AgNW was transferred 

on the PEN with a thickness of 125 µm. The maximum applied strain at the bending 

part of AgNWs was calculated as 3.1 % under the bending radius of 2 mm. In contrast, 

the applied strain was increased at the AgNWs fabricated by PVA-assisted patterning 

due to reduced PEN thickness (50 µm) and harsh bending conditions. Although the 

higher strain was applied to the AgNWs TEs patterned by the PVA-assisted method, 

the reduced resistance change was observed, and those results demonstrated that the 

flexibility of the patterned AgNWs was enhanced by replacing the transfer-based 

patterning technique to the PVA-assisted patterning. 



５９

Figure 3.13 (a) Resistance change of the 20% pre-stretched AgNWs during the 

stretchability test with a strain of 10 %, (b) resistance change of the 20 % pre-

stretched AgNWs during the stretchability test with strain of 15 %, and (c) resistance 

change of the 50% pre-stretched AgNWs during the stretchability test with a strain 

of 30 %.

The mechanical robustness of the AgNW electrodes fabricated by the PVA-

assisted patterning method was also demonstrated with a stretching test (Figure 

3.13)). After patterning AgNWs on the pre-stretched PDMS with a 1-D strain of 20 %, 

the released electrodes showed mechanical durability under 10 % and 15 % strain, 

as shown in Fig. 3.13(a) and (b). The resistance of the AgNW electrodes only 

increased by 6 % after 5000 times of stretching with 10 % strain. In addition, the 

patterned AgNWs also demonstrated their stretchability under 15 % strain, with 20 % 

and 32 % after 1000 times and 5000 times of stretching. In addition, through the
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Figure 3.14 (a) Resistance change of the AgNW-only electrodes and patterned 

AgNW electrodes after 3M tape test, (b) resistance change of the AgNW-only 

electrodes and patterned AgNW electrodes during the flexibility test with a bending 

radius of 0.8 mm, and (c) resistance change of the AgNW-only electrodes and 

patterned AgNW electrodes during the stretchability test with a strain of 10 %.

increase of pre-strain to 50 %, the AgNWs can be successfully patterned on the 

PDMS and showed superior stretchability under the strain of 30 % with a resistance 

change of 10 % after 5000 stretching cycles (Figure 3.13(c)). Those results indicated 

that the stretching performance of the patterned AgNWs can be further enhanced by 

the optimization of substrate materials and pre-stretching technique.

The additional strength of the PVA-assisted patterning is the enhanced adhesion 

of the AgNWs originating from sandwiched structure between PEDOT:PSS and PVA

layers. The improved adhesion of the patterned AgNW electrode was demonstrated 
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by the tape test with 3M tape (Figure 3.14(a)). The tape test was conducted by 

iteration of attachment and detachment of the 3M tape on the surface of electrodes. 

Unlike the AgNW-only electrodes, the AgNWs inserted between PVA adhesive and 

PEDOT:PSS pattern showed negligible resistance change, even after 200 times of 

peel-off sequence. Enhanced adhesion prevented the damage and loss of AgNWs, 

which occurred on the AgNW-only electrodes after the tape test. The comparison of 

the mechanical stability between the AgNW-only electrodes and the PVA-assisted-

patterned AgNWs was also evaluated to determine the effect of the enhanced 

adhesion between the AgNWs and substrate. After the 5000 times of bending cycles 

under the bending radius of 0.8 mm, the resistance change of the PVA-assisted-

patterned AgNWs was much smaller than the AgNW-only electrode, which showed 

a resistance increase of 7.2 % (Figure 3.14(b)). The stretchability test result also 

demonstrated an improvement in mechanical stability after the PVA-assisted 

patterning process, as shown in Fig. 3.14(c). The AgNW electrodes fabricated by my

patterning technique can be applied to various deformable applications with 

advanced mechanical stability. 

Although the inkjet-printing process is an effective deposition method of 

elaborate PEDOT:PSS patterns on AgNW, it has limitations in decreasing the 

minimum feature size and enhancing the resolution of patterns with a micrometer 

scale. To enhance the patterning resolution of the AgNW electrodes, the PEDOT:PSS 

was printed by the EHD printing process (Figure 3.15(a)). For the fabrication of a 

jettable PEDOT:PSS ink, Triton X-100 was selected as a surfactant material. The 

Triton X-100 has been reported as a surfactant that reduces the surface tension of 

PEDOT:PSS and therefore reduces the applied voltage during EHD printing [123]. 
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Figure 3.15 (a) Schematic image and optical image of the EHD printing process of 

PEDOT:PSS on the AgNW substrates, and (b) optical images of the EHD-printed 

PEDOT:PSS on the AgNW-coated PVA surface (left), and patterned AgNWs after 

removing process (right).

Figure 3.16 Optical images of the AgNW patterned with horizontal lines by (a) inkjet 

printing, and (b) EHD printing of PEDOT:PSS with various pitches and widths.

For stable EHD printing, Triton X-100 was mixed with PEDOT:PSS with a ratio of 

0.3 wt.%. As a result, the meniscus of the PEDOT:PSS ink successfully appeared at 

the end of the nozzle with a cone shape, and the PEDOT:PSS ink was continuously 

ejected from the end of the meniscus. According to Fig. 3.15(b), the PEDOT:PSS 
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was successfully printed on AgNW by EHD printing with a linewidth less than 30 

µm. In addition, the EHD-patterned area maintained its shape without deformation 

after the removal process in the same way as patterning by inkjet printing. To confirm 

the fabrication limit of the inkjet-printing process and measure the conductivity of 

AgNWs patterned by EHD printing, I printed PEDOT:PSS horizontal lines on 

AgNWs by both inkjet printing and EHD printing. In the case of inkjet printing, the 

line was composed of a series of droplets with a 15 µm drop spacing. After removing 

residual AgNWs, the width of the AgNWs line was measured to be 35 µm (Figure 

3.16(a)). On the other hand, the continuous flow of PEDOT:PSS was implemented 

with the EHD-printing process. Therefore, I successfully demonstrated stable AgNW 

line patterns with a width of under 20 µm on glass substrates (Figure 3.16(b)). The 

thickness of the PEDOT:PSS was also optimized for patterning high-conductive 

AgNW patterns, as shown in the AFM image of Fig. 3.16b. In addition, the pitch

between adjacent AgNWs was reduced to 39 µm with the EHD-printed pattern. The 

reduced scale of AgNW patterns with the PVA-assisted method enables the 

fabrication of complicated circuits, and it thus will extend the applicability of the 

patterning approach to various high-resolution display applications. Through those 

precise patterning results on the glass, I fabricated various AgNW patterns through 

EHD-printing of PEDOT:PSS on diverse substrates. First, the English characters 

were patterned by the EHD printing with a linewidth of under 15 µm (Figure 3.17(a)) 

and 20 µm (Figure 3.17(b)). A serpentine structure was also patterned on polyimide 

(PI) substrates attached to pre-stretched PDMS with siloxane bonding originating 

from (3-aminopropyl)triethoxysilane treatment on PI [124]. After releasing the strain 

of PDMS, a wrinkled structure was created on the PI surface, as shown in Fig. 

3.17(c). In addition, a coiled structure with a pitch of 150 µm was exhibited on
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Figure 3.17 Optical images of the AgNW electrodes patterned with EHD printing.

(a), (b) English characters on glass, (c) serpentine pattern on PI attached on pre-

stretched PDMS, (inset image shows releasing state), (d) coiled structure on PDMS-

coated glass. (e) Resistance of the AgNW electrodes patterned by EHD printing, with 

different width and AgNW coating counts.

PDMS coated on the glass substrate (Figure 3.17(d)). The EHD-printing-based 

patterning process showed a high degree of patterning freedom on various substrates, 

including plastic and elastomer. In addition, for measuring the conductivity of the 

EHD-patterned AgNW electrodes, I printed a single line with two contact pads at 

both ends and fabricated multiple samples by controlling linewidth. The conductivity 

of lines was also varied by adjustment of spray-coating counts of the AgNWs before 

EHD printing. Through optimization of the printing condition, the linewidth of the 

EHD-patterned AgNW lines could be reduced to 10 µm with resistance per length of
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100 Ω/mm, in the case of the AgNWs with spray-coating 10 times (inset of Figure 

3.17(e)). In the case of 20 times coating of AgNWs, the resistance per length of 

AgNWs was 15.4 Ω/mm with a linewidth of 17 µm (Figure 3.17(e)). And resistance 

per length was 28.2 Ω/mm with a linewidth of 15.7 µm and 55.5 Ω/mm with a 

linewidth of 15.9 µm, in the case of spray-coating 15 times and 10 times of AgNWs, 

respectively. Compared to the lines with the inkjet-printing sample, the conductivity 

of the AgNWs was maintained even if the linewidth of the AgNW patterns was 

reduced with the use of EHD printing, and PVA-assisted patterning showed 

reliability at high-resolution electrode patterning.

For applying PVA-assisted-patterned AgNWs to various wearable applications, 

I fabricated two types of electronic devices that can be demonstrated on a deformable 

platform. First, 3x3 stretchable LED arrays were manufactured on pre-stretched 

PDMS with 2-D pre-strain of 20 % on each axis (Figure 3.18(a)). Each LED part 

was placed between adjacent AgNW electrodes patterned by inkjet-printing of 

PEDOT:PSS, and pure epoxy and conductive silver (Ag) epoxy was previously 

dispensed on the LED location before placement of LEDs [125]. The pure epoxy 

enabled the LEDs for stable attachment with PDMS, and the Ag epoxy dispensed on

both sides of the pure epoxy made electrical contact between the LEDs and the 

AgNW electrodes. After curing, the epoxy under the LED served as a rigid island, 

while the micro-wrinkles occurred on AgNW electrodes (Figure 3.18(b) and (c)). 

The 3x3 LED array with patterned AgNWs showed stable light emission under the 

strain of 13% at both axes without the degradation of the performance, and the LED 

arrays could be operated even with the vertical deformation without damage to the 

circuit (Figure 3.18(d) and (e)). Through the operation of the 3x3 LED array on the 

PDMS substrate, it is expected that the AgNWs fabricated by maskless patterning 
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Figure 3.18 Optical images of the (a) 3x3 stretchable LED arrays on PDMS 

substrates, (b) enlarged image of a single LED attached on PDMS, and (c) patterned 

AgNWs with 2-D wrinkled structure, operation of the stretchable 3x3 LED arrays 

with the patterned AgNW electrodes at (d) 12.5 % of 2-D strain, and (e) vertical 

deformation of z-axis.

can show reliable operation on the stretchable platform. The second application was 

a wearable heater system with the AgNW mesh structure, which can be applied to 

various wearable heating components and automotive systems. The transparent mesh 

structure with a pitch of 200 µm and AgNW linewidth of 15 µm was successfully 

patterned with an area of 4 mm x 4 mm, implemented by PVA-assisted patterning 

process with EHD printing (Figure 3.19(a) and (b)). Ag paste achieved the electrical 

contact at the ends of the mesh structure, and the DC voltage was applied from 2 V 

to 4V. According to the infrared image shown in Fig. 3.19(c), the thermal emission 

was detected at the entire surface of the mesh patterns. The maximum temperature 

was measured as 214 ℃ at the voltage of 4 V, 152 ℃ at 3 V, and 88 ℃ at 2 V (Figure
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Figure 3.19 Optical images of the (a) EHD-patterned AgNW heater with mesh 

electrodes and (b) enlarged image of the AgNW heater. (c) Infrared thermal image 

of the voltage-applied AgNW heaters on a glass substrate. (d) Temperature change 

of the AgNW heaters with different voltages. (e) Thermal image of the AgNW 

heaters on PDMS substrates attached to a cylindrical structure. (f) Temperature 

change of the AgNW heaters on PDMS substrates with different voltages.

3.19(d)). The superior conductivity of the patterned AgNW mesh showed excellent 

heating characteristics. In addition, I fabricated AgNW mesh patterns on the pre-

stretched PDMS substrate with a strain of 20 % on both axes. The mesh-patterned 

PDMS substrate was attached to a cylindrical needle cap with a diameter of 6.2 mm 

(Figure 3.19(e)). The AgNW heaters on the PDMS substrates showed stable heating 

performance on the cylindrical curvature. The maximum temperature of the heater 

surface was 94 ℃ at the voltage of 1.5 V and 58 ℃ at 1V, which is suitable for 

wearable applications. And the heater device on PDMS also exhibited stable 
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operation during the 4 minutes of on-off sequence (Figure 3.19(f)), which 

demonstrated reliability on the curved surface, such as the side view mirror of the 

automotive system and various wearable devices.  
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3.3. Conclusion

In conclusion, I suggested a maskless patterning process of AgNW conductive 

electrodes by interposing AgNWs between a PVA adhesive bottom layer and 

PEDOT:PSS conductive patterns. Enhanced adhesion between PVA and 

PEDOT:PSS patterns after annealing treatment preserved the loss or damage of 

AgNWs underlying the PEDOT:PSS, and the AgNWs were precisely patterned along 

the printed patterns of PEDOT:PSS. The AgNWs can be fabricated onto various 

platforms, including plastic substrates and elastomers, without distortion or damage 

to the desired pattern with superior mechanical stability through the PVA-assisted 

patterning method. In addition, by introducing EHD printing of PEDOT:PSS, it was 

possible to improve the resolution of AgNW patterns without degradation of 

conductivity. High-resolution patterning of the high-resolution AgNW conductive 

electrodes on both rigid and deformable substrates can enhance the performance of 

wearable electronic devices. In addition, demonstrating precise patterning without a 

patterning mask can increase patterning freedom and reduce fabrication costs. 

Furthermore, the reliable performance of the AgNWs display components patterned 

by the PVA-assisted method expands their applicability to high-resolution 

deformable electronics in the future.
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Chapter 4 High-resolution EHD Printing of UV-

curable Polymer for Color-conversion Structures

4.1. Introduction

This chapter explains the high-resolution patterning of the color-conversion 

structures, which compose of the QD and UV-curable resin. As the demand for high-

resolution displays such as wearable and AR/VR devices has grown [126-128], the 

emission area of a single pixel needs to be reduced to achieve the resolution. The 

conventional organic-based OLEDs show the complexity of satisfying both high-

resolution and pixel uniformity. Instead of the organic-based LEDs, various 

researchers and the display industry have been focused on the inorganic LEDs with 

sizes under 500 μm, which are called mini-LED (length from 100 μm to 500 μm)

[129-131] and micro-LED (length under 100 μm) [28, 30, 110, 132-134]. The mini-

LEDs and micro-LEDs contain the advantages of conventional inorganic LEDs, such 

as superior luminance, long lifetime, and applicability to high-resolution display and 

transparent display [135-138]. However, implementing the red-green-blue (RGB) 

full-color arrays with micro-LEDs is interrupted by the difficulty of the transfer 

process of the micro-LEDs on the pre-designed circuits. Three times iterative 

transfer process during the fabrication of full-color micro-LED arrays causes high 

production costs and low process yield due to the complicated alignment of RGB 
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arrays and repeated repair process of disconnected micro-LEDs [139-141]. On behalf 

of the fabrication of the full-color micro-LEDs, the alternative technique has gotten 

serious attention, based on combining monochromatic LED arrays and color 

conversion layers [142-144]. The transfer of the LEDs with single color dramatically 

shortens the fabrication time and simplifies the repair process of dead pixels. Among 

all the candidates for the color conversion materials, QDs have attracted numerous 

attention for materials of color filters. QDs are semiconducting materials with a few 

nanometers diameter, which radiate a specific wavelength of light by external light 

or electrical energy [145, 146]. The QDs are applied to various future displays and 

lighting applications due to their high quantum yield, narrow emission bandwidth, 

and size-dependent tunable wavelength [147-149]. Numerous studies have focused

on the QDs as an emitting layer of the solution-processed light-emitting diodes with 

high color purity to replace the conventional organic emitting materials [150-152]. 

Besides, several researchers have reported that the QD was selected as a down-

converting material in the color conversion filters [153-156]. When the QDs which 

emit green or red light (from now I call them green-QD and red-QD, respectively) 

are deposited on monochromatic blue LED arrays, the blue light from micro-LED 

pixels is converted to lights with an emission wavelength of the QD.

For the deposition of the QDs on arbitrary substrates, solution-based processes 

such as spin-coating or inkjet-printing have been adopted [157-160]. To increase the 

conversion rate and improve the color purity of the color filter, uniform QD layers 

with a sufficient thickness on the top of the LED surface are necessary. However, 

evaporating solvent during the annealing process causes the non-uniformity of the 

deposited layer, such as the coffee ring effect. Therefore, extra modification of the 

solvents should be needed [161-163]. In addition, the resolution of the inkjet-printing 
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of the QD solution is not suitable for a single pixel of micro-LED, and the 

photolithography of spin-coated QD layers needs high production costs [164, 165].

For both obtaining sufficient thickness of a color conversion layer and achieving 

uniform distribution of the QD films through the whole light-emitting area, drop-on-

demand printing of color conversion composite materials composed of photocurable 

polymer and QD particles have been suggested [156, 166-169]. However, the high 

viscosity of polymer/QD composite and the development of high-resolution micro-

LED arrays disturbed their patternability and commercialization. Therefore, I select 

EHD printing as an alternative patterning method for a high-resolution QD color 

conversion layer to overcome those severe issues. During the EHD printing process, 

high voltage is applied between the nozzle and substrate, and the applied electric 

field drives the stable jetting of ink materials from the end of the nozzle [34, 35]. 

EHD printing enables precise patterning of high-viscosity materials, and high-

resolution patterns with submicrometer scales can be achieved because the droplet 

size of the ink material is much smaller than the nozzle diameter. Therefore, 

introducing the EHD printing technique to fabricate the QD color conversion layer 

is necessary for achieving high-resolution additive patterning of polymer/QD 

composite.

In this chapter, I demonstrate a facile patterning process of UV-curable 

polymer/QD composite patterns with a diameter of down to 30 µm. Green/red 

CdSe/ZnS QD solutions were mixed with a base polymer which can be cured by UV 

light. A Norland Optical Adhesive 61 (NOA 61) is selected as a UV-curable polymer 

material due to its high transparency and suitable viscosity for EHD printing [170, 

171]. In the case of mixing QD with high concentration, the aggregation of the QDs 

in the polymer matrix hinders the stable jetting of the polymer/QD composites. In 
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order to resolve the aggregation issue, ligands of prepared QDs were optimized by 

blending butyl 3-mercaptopropionate (from now on, I will call it B3MP) during the 

mixing process of the QD-dispersed solution and NOA 61. The QDs maintained their 

photoluminescence (PL) property even after B3MP treatment. After the evaporation 

of the unnecessary solvent in the vacuum chamber, the homogeneous NOA 61/QD 

composite ink was achieved without aggregation of the QDs. The blended NOA 

61/QD composite ink was successfully patterned by the EHD printing with a nozzle 

diameter of 30 µm. The color conversion structures with lens shape can be 

demonstrated through the proper surface treatment on the target substrate without 

the spread of the printed ink. The concentration of the QD in the NOA 61 was 

increased up to 150 mg/ml for better color purity of the light transmitted through the 

color-conversion structures. With my optimized polymer/QD ink, the printed arrays 

composed of 500 color conversion structures with a pitch of 100 μm were 

demonstrated without nozzle clogging. In addition, the color-conversion structures 

were precisely patterned on the designated area, such as a direct surface of the micro-

LEDs, barrier-defined structures with narrow pitch, and PDMS hole array structures.
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4.2. EHD-printing of Optimized UV-curable Polymer/QD Ink

for Color Conversion Structures with High-resolution 

4.2.1. Main Concept

NOA materials are mercapto-ester-based photocurable polymers that contain a 

mercapto-ester and acrylate monomers. Among the various NOA products, the NOA 

61 was selected as an EHD-printed ink because the viscosity of the uncured NOA 61 

is 300 cps which is possible for EHD printing. In addition, UV irradiation-based 

curing method facilitates the storage of the nozzle, and the high transparency is 

suitable for various optical applications. I previously implemented micro-island 

arrays on the elastomer by EHD printing of the NOA 61 on the PDMS surface 

(Figure 4.1). According to the datasheet of NOA 61, Young’s modulus of the NOA 

61 is 930 ~ 1103 MPa, which shows a significant difference compared to that of 

PDMS (3.7 MPa), and the NOA 61 is selected as a material for strain-engineering 

structures due to the large mismatch of the modulus. Although the formation of the 

plasma-induced silica layer should be preceded for stable jetting of EHD printing on 

PDMS, printed NOA 61 spreads and cannot form in a spreading shape on plasma-

treated PDMS. In order to maintain the spherical shape of the printed droplet, a 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTS) treatment was conducted on 

the plasma-treated PDMS surface. A FOTS treatment has been reported as a 

promising strategy for forming a self-assembled monolayer (SAM) on the target 

substrate for decreasing surface adhesion [172-174]. he EHD-printed NOA 61 

structures maintained the shape of the lens on the PDMS substrates due to the
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Figure 4.1 (a) Optical image of EHD-printed NOA 61 on plasma treated PDMS, (b) 

the effect of FOTS treatment [173, 174], (c) optical image of the EHD-printed NOA 

61 on FOTS-treated PDMS, and (d) SEM image of the micro-island embedded in 

PDMS. 

increased surface tension, and the thickness-controlled NOA 61 micro-islands were 

successfully embedded in the PDMS sheet with high resolution. Furthermore, the 

introduction of lens structure on the color filter surface enhances the out-coupling 

efficiency of the converted light [175], and the increasing conversion efficiency of 

the filters with microlens structure by longer path length of the incident light was 

also reported [176].

In addition to defining the structure of the EHD-printed NOA 61 ink, mixing 
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Figure 4.2 Schematic image of ligand exchange from OA to B3MP.

QDs with the UV-curable polymer is another challenge for fabricating the 

polymer/QD composite. Several papers have been reported about the mixture of 

NOA and QD [156, 166]. However, aggregation of the QDs during the mixing 

process with NOA material and accordingly disturbing the curing process of the 

NOA, which is based on the thiol-ene reaction concentration, hinder the uniformity 

of high-concentration QD [177]. Furthermore, the aggregated QDs cause clogging 

of the nozzle, which is also a limitation for increasing QD concentration and 

improving color-conversion properties. Therefore, several studies have focused on 

the ligand exchange of QDs from oleic acid (OA) to desired materials for reducing 

aggregation and improving the uniformity of polymer/QD composite [176-178]. In 

this chapter, I use B3MP material, which has a thiol group at the end of the molecular 

chain. The sulfur at the thiol group creates the bond with the surface of the QDs, and 

a shorter chain of the ligands enhances the thiol-ene reaction of NOA 61 without 

aggregations.
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4.2.2. Experimental Section

Figure 4.3 Schematic image of mixing process of NOA 61 and QDs

Figure 4.3 represents a mixing procedure of uniform UV-curable polymer/QD 

composite for EHD printing of color-conversion structure. First, NOA 61 (Norland 

Products) was diluted with B3MP (98 %, Sigma-Aldrich) at a volume ratio of 1:3 to 

produce sufficient B3MP molecules while mixing QDs. After 1 hour of stirring, QD 

solutions (CdSe/ZnS structure, 100 mg/ml in toluene, ligand: oleic acid, SJ Science) 

was mixed with NOA 61/B3MP composite, and the stirring on a hot plate with a 

temperature of 70 ℃ was followed. The concentration of NOA 61/QD composite 

was previously determined by the control of mixing QD solutions. After stirring 

overnight, the mixture was moved to the vacuum desiccator and placed on a hot plate. 

Under the low vapor pressure inside the desiccator, residual solvent composed of 

B3MP and toluene was evaporated to prepare NOA 61/QD composite ink with high 

concentration. I fabricated the composite ink with concentrations of 50 mg/ml, 100 

mg/ml, and 150 mg/ml and conversion colors of red and green.

After the preparation of NOA 61/QD composite ink, the ink was deposited on 
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the target substrate by EHD printing. The NOA 61 and QD composite was deposited 

by an EHD printer (SIJ-S050, SIJ Technology Inc.) with an inner nozzle diameter of 

30 µm. In order to create the hydrophobic surface for the lens-shaped surface, air 

plasma treatment (CUTE-1MP, Femto Science) was implemented with the power of 

50 W for 30 s before the EHD printing process. After plasma treatment, the plasma-

treated substrate and the bottle of FOTS were placed in the vacuum chamber for 30 

minutes to conduct a vapor deposition of the FOTS molecules on the target substrate. 

During the EHD printing, applied voltage, nozzle height, and waveform shape were 

controlled to optimize the size of the color conversion structures. After fabrication 

of the color conversion structures with desired patterns, the curing process was 

conducted for 20 min under a UV light with a wavelength of 365 nm irradiated by a 

portable UV lamp (LF206LS, UVITEC Cambridge). In the case of the fabrication of 

the EHD printed barrier on colorless polyimide (cPI) substrate, cPI varnish was spin-

coated with 1000 rpm on the glass substrate. And an imidization process, which 

consists of an annealing process in a furnace with a 320 ℃ for 1 hour, was followed. 

Pure NOA 61 barriers were also printed by EHD printing, with an inner nozzle 

diameter of 4 µm. In addition, the PDMS barrier was conducted by using the silicon 

mold fabricated by deep etching of hole patterns with the desired diameter on the 

Silicon mold. 

The optical images and PL images of the EHD-printed color conversion 

structures were taken by two types of optical microscopes (DSX-HRSU, OLYMPUS 

Corp., and RX-100, Hirox). The absorbance of the QDs was measured by UV/VIS 

spectrometer (), and the PL properties of the reference QD and optimized QD were 

prepared with fluorescence spectrometers (Fluotime 300, PicoQuant). In order to 

prove the replacement of the ligand, nuclear magnetic resonance (NMR) analysis 
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(Avance III-500 and Avance III HD, Bruker) and Fourier Transform Infrared (FT-IR) 

analysis (Tensor 27, Bruker) were progressed. The color-conversion effect of the 

NOA 61/QD composite on the electroluminescent (EL) devices was measured by a 

spectroradiometer (CS-2000, Konica Minolta), and the operation of the EL devices 

was conducted by a source-measurement unit (Keithley 237, Keithley). The 

thickness of the NOA 61/QD composite film was measured by a surface profiler 

(DektakXT-A, Bruker).
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4.2.3. Results and Discussion

Figure 4.4 (a) Optical image of glass-coated ref QD and treated QD mixed with 

NOA 61, microscopic images of (b) NOA 61/ref QD, (c) NOA 61/treated QD, and 

(d) enlarged image of NOA 61/treated QD composite.

Figure 4.4 shows the spin-coated NOA 61/QD composite film on the glass 

substrate. In case of the reference QD (ref QD), the QD dispersed in toluene was 

mixed with NOA 61 without addition of the B3MP, and the solvent-evaporation 

process was followed. After evaporation process, the aggregations of the QDs were 

shown in NOA 61/ref QD ink. As a result, the light transmitted through the NOA 

61/ref QD was scattered by the aggregated QD particles in the spin-coated NOA 

61/QD composite, hence the images under the spin-coated layer appear blurry 

(Figure 4.4(a)). Unlike the ref QD, the NOA 61 with B3MP-treated QD (treated QD) 

showed clear image which was placed under the spin-coated NOA 61 layer. 
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Figure 4.5 (a) Optical and (b) PL image of EHD-printed NOA 61/ref QD composite 

on the glass, and (c) optical and (d) PL image of EHD-printed NOA 61/treated QD 

composite on the glass.

According to the optical images of UV-irradiated NOA 61/ref QD layer in Fig. 4.4(b), 

the multiple speckles with size of few micrometers were observed, due to the 

aggregation of the QDs in the NOA polymer. On the other hand, the NOA 61 layers 

mixed with B3MP treated QDs showed uniform emission of red light under the UV 

exposure without the large QD clusters (Figure 4.4(c) and (d)). The uniform ink 

treated by the B3MP enables the stable jetting during the EHD printing with nozzle 

diameter of 30 µm. I conducted the EHD printing of the both inks, on the FOTS-

treated glass substrate. The PL images of the color conversion structures were 

captured at the same exposure, for comparing the degree of the color conversion
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(Figure 4.5). The printed structure of ref QD composite showed irregular diameters 

and spreads of the ink droplets, because the ref QD ink exhibited unstable jetting 

morphology. In addition, according to the PL image, the QDs inside the nozzle were

not ejected accurately because the aggregated QDs are blocked the tip of the nozzle,

and then the printed structures showed nonhomogeneous color conversion. On the

other hand, the treated QD ink was printed on the target substrate without nozzle

clogging issue, so uniform color-conversion was observed with uniform jetting

profile of the lens-shaped structures. Stable jetting of the QD composites also ensures

the higher color-coversion rate compare to the aggregated QD composites.

To compare the optical characteristics of the reference QDs and B3MP-treated

QDs, absorbance and PL intensity of the QDs were measured, as shown in Figure

and Table. According to the graph of Fig. 4.6(a), the QDs maintained their

absorbance property even after B3MP treatment, and that result proves that the

treated QDs can also be applied as color-conversion materials on the blue-color light 

sources. And the photoluminescence graph of Fig. 4.6(b) also demonstrates that the 

light emitted from the QDs maintains its peak wavelength and full width at half 

maximum (FWHM) after the B3MP-based treatment. In addition, the B3MP-treated 

QDs mixed with NOA 61 also retained their optical properties, in case of both red 

and green QDs (Table 4.1). Through those results, the composite of the NOA 

61/treated QD confirms the applicability to the fabrication of the color-conversion 

structures.

For investigation of the molecular structure of the QDs after B3MP treatment 

especially, NMR and FTIR spectra of the both reference QD and B3MP-treated QD 

were measured. According to the graph of NMR spectra in Fig. 4.7(a) proves clearly

of the presence of the B3MP. The NMR analysis of the QDs was conducted by
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Figure 4.6 (a) absorbance and (b) PL spectrum of the red and green QDs.

Table 4.1 Optical properties of the QDs.

solid-state NMR method. The NMR peaks of the B3MPs were also measured in 

B3MP-treated QDs which was different from the reference QD. The appearance of 

the B3MP peaks at B3MP-treated QDs confirms the bonding of the B3MP molecules 

with the QD surfaces as a ligand, and therefore the B3MP treatment helps the QDs 

to be dispersed easily in the NOA 61. In addition, according to the graph of FT-IR
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Figure 4.7 (a) 1H-NMR spectrum and (b) FT-IR spectrum of the B3MP, ref QD, and 

treated QD. 

spectrum in Fig. 4.7(b), I focused on the two absorbance peaks of the infrared light. 

First, the absorbed peak at the frequency of 2570 cm-1 was observed in case of the 

B3MP solvent. However, that peak was suppressed at the measurement of treated 

QD. The FT-IR peak at frequency around 2570 cm-1 shows the existence of the S-H 

stretching bond, which means that there is a thiol group in the molecular structure 

[177]. Second, the large absorption peak at frequency of 1730 cm-1 was measured in 

B3MP, and the peak at 1730 cm-1 can also be checked in case of B3MP-treated QD. 

The FT-IR peak at frequency around 1730 cm-1 represents C=O bond [179], which 

can be found in B3MP. Combining the two results according of NMR and FT-IR, it 
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is demonstrated that the B3MP molecules are bonded at the surface of the QDs after 

treatment, and the bond between the QD and the B3MP is activated by termination 

of hydrogen from the sulfur. Several papers report stability change of the QDs after 

the replacement of the ligands with other molecules [147, 180, 181]. However, the 

bonding between the QD surface and thiol group (S-H) is strong, and thiol group-

based ligands enhance the stability of the QDs. In addition, the QDs with thiol group 

ligand also exhibited high thermal stability, showing no discoloration [181]. In 

conclusion, it is expected that the QDs with B3MP ligands also show enhanced 

stability compared to the OA-capped QDs.

Through the improved dispersion method of QDs in the UV-curable materials, I split 

the conditions of the QD concentration into 50 mg/ml, 100 mg/ml, 150 mg/ml. 

Figure 4.8(a) shows the rectangular patterns of the NOA 61/QD composites with 

area of 3 mm x 3 mm which was fabricated by bar-coating for obtaining same 

thickness and laser-cutting, for comparison of PL intensity according to the QD 

concentrations. According to Fig. 4.8(b), all conditions of the NOA 61/QD 

composites can be successfully printed on the target substrates, without a nozzle 

clogging or QD aggregation in the structures. In addition, the diameter of the color 

conversion structures can be controlled from 17 µm to 44 µm in case of the red QD 

composite with concentration of 100 mg/ml, by optimization of height of nozzle, 

jetting time, and applied voltage (Figure 4.9(a)). The green composite can also be 

printed with a diameter from 21 µm to 41 µm, showed the facile controllability of

the size of the color-conversion structures (Figure 4.9(b)). According to the various 

demands, the performance of the color-conversion structures can be adjusted by 

change the concentration and the size. 

For verifying applicability to the large-scale electronics, I printed English
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Figure 4.8 (a) PL images of the rectangular patterns of NOA 61/treated QD films, 

and (b) PL images of the EHD-printed NOA 61/treated QD composites on the glass 

with different color and concentration.
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Figure 4.9 PL images of EHD-printed NOA 61/treated QD composite patterns of (a) 

red and (b) green with different diameters. 

characters and traffic light patterns with size of few millimeters, which consist of 

lens arrays with a pitch of 100 µm. According to the PL image of Fig. 4.10, more 

than 400 red lenses with concentration of 100 mg/ml and 500 green lenses with 

concentration of 100 mg/ml were printed on a FOTS-treated substrate with stable 

lens size and uniform light emission. The printed structures with large areas extend 

their applications to large area full-color displays with microscale optoelectronic 

devices, and the drop-on-demand EHD printing enables the high degree of freedom 

of pixel patterning. 

The color-conversion performance of the NOA 61/QD composite was evaluated 

by the deposition of the composite layers on the LED surface. Figure 4.11 represents 
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Figure 4.10 PL images of (a) red and (b) green NOA 61/QD color-conversion 

structures patterned by EHD-printing, and (c) enlarged view of (a). 

the intensity of emitted light from the QD-composite-deposited LEDs, according to 

the wavelength and the concentrations of the QD composite. The graph in Fig. 4.11(a)

and (b) shows the color-conversion properties of the red-QD composite and green-

QD composites, and the results of the Table 4.2 is the thickness of the NOA 61/QD 

composite measured by contact-based surface profiler. Despite the thickness of the 

composite layers were slightly thinner with increasing the QD concentrations, the 

blue wavelength peak which was not converted by QDs was effectively decreased 

and the color purity of the converted light was enhanced with the when the QD 

concentrations were increased, demonstrated with the CIE 1931 chromaticity 

diagram in Fig. 4.11(d). With those results of emitted-light intensity, I calculated a
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Figure 4.11 PL spectra of LEDs with (a) red and (b) green NOA 61/QD composite 

layer, (c) comparison with blue LED, and (c) Color gamut of the LEDs with NOA 

61/QD composite.

Table 4.2 Thickness of NOA/61 QD composite layers on the LED.

Table 4.3 Color-conversion efficiency calculated by Eq. (4.1).
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color-conversion efficiency (ηCCE) of the QD composite layers (Figure 4.11(c)). The 

ηCCE is calculated by the ratio of emitted color-converted power to the absorbed light 

by QD, and the equation is derived as followed [182, 183]:

���� =
����

�� − ����
(�, �)

where IB is the intensity of the emitted blue light by the underlying LED, IBQD is the 

intensity of the residual blue light which is not converted by the QDs, and ICQD is the 

intensity of the light converted to desired color. According to Eq. (4.1), the ηCCE of 

~ 20 % was demonstrated in both case of red and green QD composite, which was 

exhibited in Table 4.3. Through the graph of the CIE Color System and derived 

conversion efficiency, I confirm a potential of the B3MP-treated QD composite as a 

color conversion layers for monochromatic LED devices. In addition, the color 

purity of the green-converted pixel will be enhanced by adjusting concentration of 

the QDs, thickening QD layers, and addition of conversion-improved materials, such 

as light-scattering particles. Furthermore, the color-conversion efficiency should be 

complemented for higher intensity of converted light, by applying optical structures 

for increasing outcoupling efficiency, and improving material property such as 

quantum yield.

For demonstration of the various color-conversion structures for display 

applications, I implemented three types of printed patterns on diverse surfaces:

surface of the micro-LEDs, polyimide (PI), and PDMS. First, I directly printed NOA 

61/QD composite on the surface of micro-LEDs with size of 100 µm × 250 µm. For 

reducing production time of the printed color conversion structures with relatively 

large area compared to the previously printed lens structure, the nozzle with inner 

diameter of 60 µm was selected, and the FOTS treatment was conducted for
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Figure 4.12 (a) PL spectrum of the NOA 61/QD composite-printed micro-LEDs, (b) 

optical image of off-state (top) and on-state (bottom) of micro-LEDs, and (c) Color 

gamut of color-converted micro LEDs.

Table 4.4 Color-conversion efficiency of the NOA 61/QD composite-printed micro-

LEDs.

Table 4.5 Color-conversion efficiency of QD color filters.
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increasing the height of the printed structures. Figure 4.12 represents optical images 

of printed QD composites on the micro-LED surfaces and the device performance of

the color-converted micro-LEDs. According to Fig. 4.12(b), the QD composites

were printed on the micro-LED surfaces without collapse of the composite inks at

the LED boundary. In addition, the NOA 61/QD structures showed color-conversion

effect during the operation of micro-LEDs (Figure 4.12(a)). The remaining peak of

the blue wavelength were still observed at converted light, the color shift was

demonstrated through the graph of CIE 1931 chromaticity diagram (Figure 4.12(c)).

The ηCCE was also calculated with Eq. (4.1) (Table 4.4), and the calculated results

were similar to the deposited QD layers on the macroscale LED surface as previously 

mentioned in Table 4.3. Through the comparison with calculated ηCCE to the 

previously reported results [183, 184] (Table 4.5), the NOA 61/QD composite 

showed acceptable performance, and optimization process should be needed for 

enhancement of ηCCE such as mixing of scattering materials. Those results show that 

the QD composite patterns can be used on the micro-LED arrays, After optimization

and large-area fabrication.

For fabrication of the color-conversion structures on the light-emitting devices,

the fill factor of the structure is a key factor for effective conversion, because the

vacancy of the LED surfaces causes the leakage of emitted light and decrease the

conversion efficiency. To maximize the fill factor of the NOA 61/QD composite and

facile control of the pitch. Prior to the EHD printing of the NOA 61/QD composite

ink, the parallel lines with width of under 10 µm was printed on the PI varnish coated

glass substrate. The material of the barrier structures is pure NOA 61, and the barrier

structures with micrometer scale was printed by EHD printing by a nozzle with inner

diameter of 4 µm. After EHD printing of structures composed of parallel lines and
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Figure 4.13 Optical (left) and PL (right) images of EHD-printed color-conversion 

structures defined by barrier lines with pitch of (a) 100 µm, (b) 80 µm, and (c) 60 

µm.
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Figure 4.14 (a) SEM image of PDMS barriers fabricated by Si mold, (b)optical and 

(c) PL image of EHD-printed color conversion structure on PDMS substrate, (d) 

operation of LEDs with PDMS color-conversion sheet.

subsequent surface treatment, the QD composite ink was successfully printed on the

vacancy surrounded by the printed lines. The previously printed NOA 61 lines

prevent the spread of the printed QD composite ink, thus the printed barriers

precisely define the size and the pitch of the printed color-conversion structure

(Figure 4.13). The size of the NOA 61/QD structure was optimized down to 60 µm,

and the pitch of the adjacent structure was 8 µm with minimized vacancy. Through

the design of the EHD-printed barrier lines, the pitch and the size of the QD

composite structures can be easily controlled with optimized fill factor. In addition,
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after peel-off process of PI vanish from the glass, the printed structures can be

attached to another surface which have light-emitting devices. The full-color 

displays with 211 pixels per inch (PPI) can be achieved by introducing barrier 

patterns with a pitch of 60 µm.

Printing process of the NOA 61/QD composites on the pre-defined structures

can also be conducted on the stretchable substrates. For fabrication of the barriers on

the PDMS elastomer, deep-etched Si is used as a mold structure for PDMS. After the

etching process of the hole arrays with certain size and depth on the Si substrate, the

PDMS was poured on the Si mold. When the cured PDMS was peeled off from the

Si, the pillar structures which has the same size with the hole at Si were engraved on

the surface of the PDMS. The uncured PDMS was spin-coated on the PDMS pillar

structure for molding the pattern of pillar. Following the curing and detachment

process, the PDMS hole arrays which have same area and depth with Si mold was

achieved (Figure 4.14(a)). I fabricate the PDMS hole arrays with depth of 100 µm

for efficient amounts of QDs, and the width of barrier is 20 µm and the pitch between 

adjacent holes is 100 µm. The NOA 61/QD composite was EHD-printed on the

PDMS hole with desired location, and the color-conversion structures were

demonstrated by filling the composite ink on the hole, according to Fig.4.14(b). PL

image confirms the color-conversion property of the printed composite on the PDMS

hole, and the fabricated color-conversion PDMS sheet was firmly laminated with the

LED arrays (Fig.4.14(c) an (d)). Because of the high transparency of the PDMS, the

sheet-attached LED exhibited showed great color-conversion effect, and the QD-

composite-printed PDMS sheet with designed patterns can be attached to the

arbitrary surface, such as curved or wavy structures.
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4.3. Conclusion

In summary, I suggested high-resolution patterning of the color-conversion 

structures by the EHD printing of the composite of photocurable polymer and QDs. 

For achieving both high concentrations of QDs and uniform mixture of QD and 

polymer without the aggregation, B3MP was selected for the ligand exchange of 

QDs. After bonding of B3MP molecules and QD surface, the QDs were uniformly 

mixed with NOA 61 polymer with high concentration up to 150 mg/ml, and the NOA 

61/QD composite was stably ejected from the EHD nozzle tips without the nozzle 

clogging. Through the hydrophobic surface treatment on the target substrate, the 

EHD-printed NOA 61/QD composites formed a lens-shaped structure with diameter 

of tens of micrometers, and the uniform PL image was obtained under the UV 

exposure.The large area patterns of composites composed of lens-shaped structure 

arrays with pitch of 100 µm was obtained with steady printing. The color-conversion 

property of QDs were tested with measuring the PL intensity, and the optimized NOA 

61/QD composite inks demonstrated a potential for commercialization as a color-

conversion structures of monochromatic displays. Furthermore, the facile 

printability of the QD composites on the desired location and arbitrary surfaces by 

the EHD-printing device expands its application targets to flexible and stretchable 

electronics.
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Chapter 5 Conclusion

5.1. Summary

In this dissertation, I suggest a solution-based maskless patterning process of 

various optoelectronic elements. The inkjet-printing of the conductive polymer and

the EHD-printing of the conductive polymer and photocurable polymer enables the 

facile fabrication of the TEs, conductive electrodes, and color-conversion structures 

with micrometer scale. Furthermore, I demonstrate the deposition procedures of the 

ink materials on substrates with low thermal stability, such as plastic or elastomeric 

substrates. In other words, my patterning techniques listed in this dissertation can be 

applied to the manufacturing process of next-generation display products.

First, I explained the patterning method of the AgNW TEs by combining the 

inkjet printing of adhesive polymer patterns on the target substrate and the transfer 

process of the AgNWs from the flat PDMS stamp to the surface of the polymer 

patterns. Through the blending process of the adhesive materials and PEDOT:PSS 

conductive polymer, the printed PEDOT:PSS templates achieve improved 

lamination of the AgNWs on the template surface and enhanced uniformity of the 

bilayer electrode structures. The AgNW patterns conducted by the selective transfer 

technique can be deposited on diverse substrates without degradation of the electrode 

properties. Moreover, the patterned AgNW TEs on the plastic substrate showed 

superior flexibility, and the various flexible display applications with the patterned 
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AgNWs were demonstrated for the advanced current level.

Second, the drawbacks of the AgNW patterning based on the selective transfer, 

such as a narrow process window on the PDMS substrate and the damage by the 

external lamination force, were complimented. Prior to the spray-coating of AgNW, 

the PVA adhesive layer was coated on the target substrate. When the PEDOT:PSS 

was printed on the AgNW-coated PVA surface, the permeation of the PEDOT:PSS 

into the voids of AgNW networks and the formation of interpenetration network with 

PVA molecules enhanced the adhesion of PEDOT:PSS and protect the AgNWs 

which is placed under the printed PEDOT:PSS. The AgNWs were precisely 

patterned according to the printed patterns of the PEDOT:PSS, after the facile 

removing process of residual AgNWs. Therefore, I can implement PVA-assisted 

patterning techniques onto various substrates, including a pre-stretched elastomeric 

platform. In addition, the PEDOT:PSS ink was also printed by EHD printing to 

improve the resolution of the AgNW patterns. The width of the patterns was further 

reduced to 15 µm without damage or disconnection of the current. Through those 

advantages, the PVA-assisted patterning technique can be applied to various 

stretchable applications with high resolution.

Third, I focused on the facile patterning concept of the color-conversion 

structures for high-resolution display panels. To improve the uniformity of the QD 

color-conversion layer, I dispersed QDs into the photocurable polymer, which has 

high viscosity. In addition, ligand exchange of the QDs was optimized for improving 

the dispersion of QD. The optimized QD and NOA 61 polymer composite showed 

uniform PL without the aggregation of the QDs. Therefore, the composite inks can 

be deposited through the EHD nozzle with a diameter of 30 µm. By EHD printing 

the high viscosity QD composite, a single color-conversion structure can be 
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patterned with a minimum feature size of 20 µm, and the various QD composite 

patterns composed of structure arrays were demonstrated with a high degree of 

freedom. 
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5.2. Limitations and Suggestions for Future Researches

In this session, the limitations of my studies and suggestions for future research will 

be discussed. My suggestion is focused on the PVA-assisted patterning of the 

AgNWs and EHD printing of the QD composite.

(1) Fabrication of AgNWs by PVA-assisted patterning: The PVA-assisted 

patterning process of the AgNWs was proposed as an alternative in the case of the 

patterning of AgNWs with micrometer-scale. Although the AgNWs can be patterned 

onto the pre-stretched PDMS substrate, all of the substrates during the patterning 

process should be flat. However, the demand for electrode deposition on the curved 

surface with arbitrary curvature also has grown for microscale electronics, such as 

3D waveguides, 3D-antenna, and smart contact lenses [185-187] (Figure 5.1(a) and 

(b)). By introducing direct patterning of the electrodes on the curved surface, the 

damage to the electronic circuits during the detachment, a drawback of the 

conventional lamination method, can be prevented [188]. Various studies have been 

reported about the EHD printing of inks on the curved surface because stable printing 

can be achieved by control of the electric field according to the height and angle of 

the nozzle [189, 190]. After coating the PVA adhesive layer and AgNWs sequentially, 

optimizing the EHD-printing condition of PEDOT:PSS ink should be studied. 

Furthermore, the simulation of the jetting of the EHD-printed ink on the uneven 

surface needs to be preceded for uniformity of the printed line (Figure 5.1(c)).

(2) EHD printing of polymer/QD composite: Although the color-conversion 

microstructure patterns with uniform light-conversion were demonstrated by the 

EHD printing of UV-curable polymer/QD composite, the color-conversion 
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Figure 5.1 (a) Printing of the 3D antenna on convex surface, (b) smart lens, and (c) 

Simulation results of the EHD-printing on curved surface [186, 187, 189].

efficiency of the should be enhanced for commercialization. In addition to the 

quantum yield of the QDs through the material synthesis [191], a dispersion of the 

scattering materials with a high refractive index into polymer/QD composite is 

another crucial factor for improving the color purity [192-194]. For applying the 

composite ink to EHD printing, optimizing the uniform dispersion process will be 

challenging.
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국문 초록

디스플레이 구성 요소들의 발전이 유연 신축성 기판 하에서의

장치의 안정적 동작에 초점을 맞추고 있음에 따라, 용액 공정이 기존의

공정의 단점을 보완하기 위한 유망한 박막 형성 공정으로 주목을

받아왔다. 그 중에서, 잉크 재료를 직접 인쇄하는 방식은 공정 시

패터닝 마스크가 필요 없어 패터닝 자유도가 높은 공정이라는 점에서

많은 연구자들이 주목하여 다양한 연구 성과가 보고되었다. 인쇄 공정

중 하나인 잉크젯 프린팅 방식은 매우 신뢰성 있는 인쇄 방식임에도

불구하고, 패터닝의 해상도의 증가가 요구됨에 따라 새로운 고해상도

패터닝 기술 중 하나인 EHD 프린팅 공정 방식이 새로운 대안으로

제시되어 왔다. 본 논문에서는, 원하는 해상도에 따라 잉크젯 프린팅

공정이나 EHD 공정 기술을 선택하여 차세대 디스플레이의 다양한

구성요소들을 손쉽게 패터닝하는 기술에 대하여 제안하였다.

첫 번째로, 잉크젯 프린팅과 전사 공정을 결합한 은 나노와이어

투명 전극의 패터닝 기술을 제시하였다. 복잡한 은 나노와이어의 패터닝

기술은 은나노와이어 투명 전극의 상품화를 가로막고 있다. 은

나노와이어의 경우 훌륭한 전기적 광학적 특성과 기계적 안정성을

가지고 있어 ITO의 대체제로 언급되고 있음에도, 공정 시 패터닝

마스크를 교체해야 하고 고해상도의 마스크 제작시에는 높은 공정
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단가가 필요하다는 단점이 존재한다. 이러한 문제를 해결하기 위해, 

접착 물질이 섞인 PEDOT:PSS 전도성 폴리머를 원하는 기판에

프린팅하고 그 위에 은 나노와이어가 코팅된 스탬프를 부착시켜, 

스탬프로부터 은 나노와이어를 선택적으로 전사시키는 직관적인 패터닝

공정을 개발하였다. 접착물질이 포함되어 있는 PEDOT:PSS를 원하는

패턴으로 인쇄하고, 그 위에 은 나노와이어를 선택적으로 전사함으로써

패터닝 마스크가 필요하지 않으며, 유연 기판 위에 손쉽게 패터닝할 수

있는 길을 열었다. 단순한 투명전극 패터닝 기술을 통해, 훌륭한

유연성을 가지는 디스플레이에 응용할 수 있다.

둘 째로, 은 나노와이어 전극 패턴의 해상도를 높이기 위한

최적화된 고수율 패터닝 기술을 개발하였다. 잉크젯 프린팅의 해상도의

한계와 전사 공정 시에 가해지는 외력에 의한 패턴의 손상은 30 

마이크로미터 이하의 미세공정을 방해해왔다. 따라서 은 나노와이어

패턴의 해상도를 향상시키기 위한 최적화된 패터닝 공정이 필요하였고,

PVA 물질을 은 나노와이어 층 아래 위치시키는 접착 물질로

선택하였다. PEDOT:PSS를 은 나노와이어 층 위에 프린팅하면,

프린팅된 PEDOT:PSS와 PVA층이 상호 침투 과정을 거쳐 강하게

결합한다. 은 나노와이어는 PEDOT:PSS 와 PVA 층 사이에 붙잡히기

때문에, PEDOT:PSS 패턴 아래에 존재하는 은 나노와이어는 패터닝

공정을 진행하는 동안 손실 없이 남아있게 된다. 본 공정에서 EHD 

프린팅을 도입하여, PEDOT:PSS 잉크를 15 마이크로미터 너비의

미세한 패턴형태로 토출할 수 있다. PVA를 이용한 공정 방식의 또다른
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장점은 신축성 기판위에 정밀한 패터닝이 가능하다는 점이다. 그러므로

이러한 패터닝 방식은 고해상도를 가지는 고전도도의 신축성 전자소자에

응용 가능하다.

마지막으로, QD가 섞인 폴리머 물질을 EHD 프린팅 공정을 통해

미세 패터닝하여 최적화된 색전환 구조의 제작을 진행하였다. 인쇄된

QD 층의 균일성을 높이기 위해, QD와 광경화 가능한 폴리머 물질을

섞는 공정이 선행되었다. 폴리머 내부에서의 QD의 뭉침 현상과 그에

따른 EHD 공정에서의 노즐 막힘을 방지하기 위해 ligand exchange 

공정이 수행되었다. 공정이 수행된 QD의 경우 발광 파장과 흡광

스펙트럼과 같은 QD의 광특성을 유지하였다. 또한, 폴리머와 QD의

혼합물의 경우 고농도의 QD의 경우에도 안정적으로 토출되었다. 적절한

표면처리를 통해 인쇄된 색전환 구조의 경우 렌즈의 형태를 띄고

있었으며, 그 직경은 40 마이크로미터에서부터 20 마이크로 미터까지

조절되었다. 마이크로 LED 광원위에 원하는 두께로 QD 혼합물을

인쇄하였을 때, 혼합물층에 의한 효과를 확인하였으며, 혼합물 잉크는

폴리이미드나 엘라스토머 위에도 프린팅 할 수 있어 차세대 발광소자로

응용할 수 있는 길을 열었다.

주요어: 은 나노와이어, PEDOT:PSS, 잉크젯 프린팅, EHD 프린팅, 퀀텀

닷, 유연 & 신축성 전자소자
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