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Chapter 1 

Introduction 
 

1.1  The rise of soft electronics 

1.1.1 Brief history of soft electronics 

The concept of soft electronics has been put forward for several decades. It is to follow up the world’s growing 

demands of electronic manufacturing toward diversified functionalities and dimensional miniaturization.[1] In 

principle, the transition from stiff electronics to soft electronics can not only conserve device space, but also offer 

significant applicability to be integrated with various surfaces. 

Besides wiring and cables, which can be found everywhere as the prime examples of soft electronics, the silicon 

solar cells equipped for spacecraft were first thinned to reduce the thickness and lower specific mass in the 1960s.[2] 

By using a thin plastic substrate instead of the conventional rigid support, these first flexible solar cells allowed a 

certain degree of wrapping over a large area to improve energy supply (Figure 1.1). Along with this concept, a 

gradual development, including conductive polymers,[3] amorphous silicon,[4] organic semiconductors,[5] and metal 

oxide semiconductor thin–film transistors[6] in the following decade, took a huge step forward in the processability 

and flexibility. Thus these materials laid the groundwork for developing and manufacturing soft electronics in 

applications requiring bending, stretching, folding, rolling, deforming, and self–healing, that cannot be satisfied by 

conventional rigid electronics. 

As time passes, the interest in exploring new functional materials and novel fabrication technologies keeps 

growing for manufacturing high–performance and scalable electronics directly on soft substrates. This interest not 

only promotes flexibility but also endows the electronics with stretchability and self–heal ability owing to the strong 

molecular interactions of elastomeric substrates,[7–8] leading to a more versatile application prospect including 

flexible organic light–emitting diode (OLED), stretchable organic photovoltaics, and rechargeable soft batteries.[9–

11] At the same time, as there is a growing issue over sustainability, biodegradability has been taken into account by 

utilizing the environment–friendly polymer or cellulose that can be broken down into small constituent pieces or 

completely decomposed in the soil.[12] Likewise, biocompatibility has also been studied under the unique 

characterizations of soft electronics through polymers or functional materials that do not affect normal physiological 

activities.[13] These criteria lead the developing trend of next–generation devices that can be integrated into complex 

or dynamic surfaces, for example, bioresorbable devices,[14] neuromorphic biological systems,[15] and cognitive soft 

robotics.[16] 
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Figure 1.1. Timeline of major discoveries and advances in the development of soft electronics, from the 1970 to 

the present.[17] 

 

1.1.2 Status, value, and challenges 

  These significant advancements in soft electronics open new doors to bringing electronic science and technology 

into daily life, such as wearable, smart textiles equipped with biosensors for monitoring bio–signals and habits;[18–

19] flexible optoelectronics with optical transparency and electrical conductivity for customized displays, 

architecture, and electro–magnetic interference;[20–22] as well as skin prosthesis and micro soft robot with integrated 

conformable sensors and actuators for recognizing external stimuli and harvesting energy.[23–25] Even though 

conventional electronics are capable of these functions to a certain degree, soft electronics are intended to adhere to 

the arbitrary surface via hybrid strategies to carry out higher perception–driven tasks, or be highly deformable 

standalone devices with prominent portability, disposability, low cost, and lightweight, which are expected to offer 

an unparalleled comfort toward our daily life. 

  The definition of soft changes along with the applications. From rolling and bending for scalable handling of 

large–area solar cell panels and photovoltaics,[26–27] to stretching and conforming onto irregularly shaped circuits,[27–

28] to twisting and deforming into electronic skin,[29–30] soft electronics are expected to keep the balance between 

reliability and device performance. While plenty of early–stage studies in progress and significant innovations have 

been reported already, fabricating soft electronics that can replace existing products and be put into service in our 

daily life is a grand challenge. As a result, soft electronic manufacturing toward dimensional miniaturization and 

multifunctionality with advanced adaptability, dexterity, and reliability is highly demanded to cope with the 

increasingly complicated circuit design and uncertain work environment. This offers scientific research and 
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development enormous opportunities to undertake in–depth study and advance this area considerably and rapidly. 

 

1.1.3 Opportunities and applications 

  So far, soft electronics are generally manufactured by vacuum or solution processes. Owing to the advantages of 

soft electronics specified above, vacuum–processed soft electronics were commercialized in 2012 as a revolutionary 

driving unit for integrating liquid crystal displays, such as those applied in electronic paper, mobile phones, and flat 

panel displays. Until now, the further commercialization of soft electronics has been achieved in the application of 

flexible and foldable OLED displays. The commercial success of soft electronics indicates that vacuum–processed 

soft electronics possess high functionality and reliability during daily use. This prompts researchers to graft this 

technology onto other fields beyond display technology. 

  On the other hand, compared to vacuum–processed soft electronics, solution–processed soft electronics encounter 

drawback of low device quality, which may arouse subsequent low–performance issues.[31] Aside from this issue, 

solution–processed soft electronics are considered as one of the most promising next–generation devices, which is 

attributed to its streamlined and cost–effective fabrication, sustainable and versatile products, as well as flexible 

adaptability.[32–33] 

  Notably, the number of soft electronics studies has seen explosive growth in nearly two decades. Figure 1.2 

shows the number of research papers published from 2000 to 2021, based on Google Scholar and Web of Science 

searches. Overall, the number of soft electronics studies has increased substantially from 61 to 211 per year in 2012. 

From then on, the number of research papers is expanding dramatically and continuously and reached 2049 per year 

in 2021. As the manufacturing process of vacuum–processed soft electronics is already a mature technology, the 

studies of solution–processed soft electronics are considered to occupy the leading position in the contemporary 

scientific community. Therefore, we could know that liquid–mediated soft electronics equipped with novel 

functionality and reliable performance are highly demanded to fit the needs of today’s academi and industrial 

requirements.[34] In this chapter, the mainstream fabrication technologies for soft electronics will be introduced and 

compared systematically, as well as novel strategies for solution–processed soft electronics will be summarized and 

evaluated. 
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Figure 1.2. The number of the papers published per year obtained for the term “soft electronics” from 2000 to 

2021, based on Google Scholar and Web of Science searches. 

 

1.2  Overview of manufacturing technologies for soft electronics 

In recent years, the demand for high–performance, high–resolution, reliable, soft electronics has been increased 

rapidly. To meet the market requirements, a lot of efforts have been made to fabricate soft electronics using a variety 

of functional materials, such as conductive materials, semiconducting materials, and dielectric materials, on various 

soft substrates, such as polyethylene naphthalate (PEN), polyethylene terephthalate (PET), polyimide (PI), 

polydimethylsiloxane (PDMS), and cyclic olefin polymer (COP). 

However, fabricating soft electronics on soft substrates is not an easy task. The commercialization of soft 

electronics with satisfactory conductivity and flexibility in a facile, scalable, and versatile manner remains an open 

issue. Generally, the manufacturing technologies can be distinguished into two categories, top–down subtractive 

process and bottom–up additive process. In this section, the current situation and recent progress of soft electronic 

manufacturing technologies are summarized and analyzed. 

 

1.2.1 Top–down subtractive technologies 

In top–down subtractive technologies, various lithography technologies are utilized to downscale micro–

/nanoscale patterns. Photolithography and scanning beam lithography, including extreme ultraviolet lithography, 

focused ion beam and electron beam lithography, are the conventional fabrication technology of this field.[35] The 

most well–known and widespread subtractive technology is photolithography, which is therefore selected as the 

demonstration to illustrate herein. 

Photolithography is the mature patterning technology for electronic manufacturing. As lithography systems 

upgrade the wavelength technology with increasing stronger wavelength peaks from a broad spectrum with multiple 

peaks at 436 nm, 405 nm, and 365 nm[36–37] to present–day wavelength of extreme ultraviolet at 13.5 nm (ASML, 
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2021), it proved the far more competence in decreasing the minimum feature dimensions to realize Moore’s law 

and More than Moore concepts that one could ever have imaged. 

In detail, top–down photolithography is to pattern functional microstructures on the target substrate by exposing 

and constructing a pre–coated thin–film photoresist through a photomask. The photomask is generally made of glass 

and coated by a thin chromium layer for light blocking. The selective light exposure induces the chemical changes 

of the photosensitive materials, triggering the selective solubility variation of the photoresist through rinsing in a 

developer solution. The exposed regions of the positive and negative photoresists can be selectively removed upon 

developing, leading to a three–dimensional composite on the substrate (Figure 1.3). Afterwards, a subsequent 

process of vacuum evaporation, etching, stripping, and baking is used to define features of functional micro–

/nanostructures. 

The resolution of subtrative photolithography keeps increasing owing to the continuously reduced exposure 

wavelength and the increased numerical aperture, which have pushed the boundary to the resolution limit into sub 

microscale on Si substrates. In the meanwhile, photolithography has been utilized to fabricate patterns for soft 

electronics as well. However, depending on the harsh process conditions, such as chemical etching, developing, and 

high–temperature baking, an additional pattern transferring is commonly required to transfer the patterned circuit 

from the stiff Si substrate onto the targeted soft substrate.[38–39] The entire process exposes the problems toward the 

sustainable manufacturing of soft electronics, including cumbersome operation, severe waste of patterning materials, 

high cost, and trivial pattern transfer. 

 

Figure 1.3. Schematic representation of the manufacturing process of top–down subtractive photolithography 

using negative photoresist. 

 

1.2.2 Additively manufactured technologies 

In consequence, additively manufactured technology as a promising replacement attracts increasing attention in 

soft electronic manufacturing. This is because the technology allows functional materials to be patterned on soft 

substrates via a fully bottom–up process, offering great opportunities that include higher design freedom, shorter 

development iterations, more compact electronic devices, and more energy–efficient production line. The additively 

manufactured technologies for soft electronics can be mainly classified into two categories, printing and self–
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assembly. Each category of manufacturing technology will be introduced in detail. 

 

1.2.2.1 Printing technology 

Among various fabrication process, printing technology has been widely studied owing to their distinct capacity 

to break away from mainstream rigid silicon–based electronics to deposit the functional ink directly on soft 

substrates in a straightforward and efficient manner.[40] As shown in Figure 1.4, the functional suspension with 

dispersed micro–/nanomaterials can be simply printed onto the designated regions on the targeted substrate and the 

electrodes can be obtained after drying. Two points in this technology are worthy of notice, the printability/solubility 

of dispersed materials in functional inks and the fidelity of printed structures with high–resolution and precise 

alignment due to rheological properties during printing process.[41] 

 

Figure 1.4. Schematic representation of the manufacturing process of printing technology. 

 

In order to meet the different demands during the practical application, different printing technologies have been 

invented and applied according to the expected resolution and dimension of soft electronics.[42] For high–resolution 

electronic manufacturing, printing technologies, including inkjet printing, aerosol jet printing, screen printing, and 

gravure printing, can handle the demanding work precisely. When large–scale fabrication is required, the roll–to–

roll (R2R) technologies, utilizing gravure printing, flexographic printing, and rotary screen printing, stand out. As 

shown in Figure 1.5, printing techniques with various printing approaches and equipment offer the fabrication of 

soft electronics with various featured sizes and processabilities. 

 

Figure 1.5. Left: Phase–diagram of printing speeds and printing resolution demonstrated by the mainstream printing 

technologies. The minimum layer thickness (red dot) and the demanded ink viscosity (yellow) dot have been 

marked.[43] Right: Schematic representation of different kinds of printing technologies, (a) inkjet printing, (b) screen 
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printing, (c) gravure printing, and (d) aerosol jet printing.[44–45] 

 

1.2.2.2 Self–assembly technology 

Self–assembly technology for soft electronics has gathered increasing attention. And it is expected to play a 

significant role in next–generation soft electronic manufacturing owing to its low equipment demands, mild process 

conditions, and excellent cost efficiency. Compared to rigid subtractive photolithography and delicate printing 

technologies, self–assembly enables high–performance soft electronic manufacturing over large areas. As shown in 

Figure 1.6, the functional ink can be self–assembled onto the designated regions through appropriate surface 

modification and then dry into functional patterns. The materials and equipment are easy to be prepared, and the 

entire process can be implemented facilely in laboratories.[46] Despite the demerits of low–resolution issue, self–

assembly technology is highly beneficial for soft electronic manufacturing without harsh constraints. 

 

Figure 1.6. Schematic representation of the manufacturing process of self–assembly technology. 

 

The critical point to trigger the self–assembly is to modify the substrate effectively so that the substrate can be 

endowed with controllable driving force such as capillary force[47], buoyancy force[48], liquid surface tension[49], 

magnetic field[50], acoustic field[51] and electric field (Figure 1.7).[52] As a result, various structured patterns can 

therefore be self–assembled into diversified functional micro–/nanostructures, such as monolayer structures,[53–55] 

three–dimensional structures,[56] and large–scale grids.[57] Nowadays, more and more studies have been focused on 

how to precisely control the self–assembled structures with high–accuracy and customizable topography, for 

example, introducing soft lithography[58–59] or combing with printing technics[60–61] to further confine the patterning 

positions in the self–assembly systems. These efforts lead to the complication of the self–assembly process, 

weakening the advantage. 
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Figure 1.7. Liquid–mediated self–assembly technologies triggered by different driving force, (a) capillary 

force,[62] (b) buoyancy force,[48] (c) acoustic field,[51] and (d) electric field.[58] 

 

1.3  Motivation of present research 

1.3.1 Issues associated with self–assembly technologies 

Among various conventional lithography technologies and emerging additively manufacturing approaches, the 

technology of self–assembly for soft electronic manufacturing driven by surface energy contrast is one of the most 

promising approaches because of its high compatibility and versatile applicability with extensive applications 

ranging from soft printed circuits to wearable devices. By regulating solid and liquid surface energies, the desired 

functional ink can spontaneously flow into the designated regions and thus form functional patterns, revealing rapid 

process simplicity with freeform structure. 

However, the typical resolution of conventional self–assembly technologies triggered by surface energy contrast 

is not sufficient for practical applications in the rapidly evolving soft electronic market. As shown in Figure 1.8, 

left, the self–assembled functional electrodes exhibited coarse edge and unclear boundary, which deteriorates the 

patterning fidelity.[71,63] A mainstream method for overcoming this issue is to build ancillary templates above the 

substrate for providing extra solid surface energy contrast and assisting the self–assembly property. This approach 

has been widely successful in the creation of high–performance patterned soft circuits, as demonstrated by some 

pioneering studies using structured templates, including ice crystals,[63] fluoropolymers,[64] bubbles,[65] leaf 

skeletons,[66] spider’s silk web,[67] cracked gels,[68] and nanoimprinted stamps.[69] However, all these methods require 

cumbersome and expensive processes (e.g., photolithography, electron beam lithography, etching, or biological 

cultivation) for building templates. And they are not promising for the scalable production of high–performance 

functional composites that can be integrated with soft electronic manufacturing. 

In the meanwhile, the current electrodes fabricated by self–assembly technologies suffer from the inherent coffee–

ring phenomenon severely (Figure 1.8, right). This kind of intrinsic evaporation–induced ring structure can be 

easily found in almost all sorts of liquid–mediated patterned electrodes, which causes the inhomogeneous solute 

alignment and affects the flatness, uniformity, and, more seriously, the electrical properties of the fabricated 
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electronics.[70] 

 

Figure 1.8. Current issues of self–assembly technologies, including low resolution of patterned functional micro–

/nanostructures with (a) silica nanoparticle patterns[71] and (b) silver nanowire (AgNW) patterns[63] and coffee–

ring effect with fluorescent polystyrene patterns[72] and gold nanoparticle (AuNP) patterns.[73] 

 

1.3.2 Strategies for development of liquid–mediated directed self–assembly 

Vacuum ultraviolet (VUV) light provides a shortcut to replace the template because VUV–induced photochemical 

reactions can efficiently convert a hydrophobic soft polymer substrate into a hydrophilic surface, leading to the 

directed self–assembly of soft electronics. Recently, our group further proposed the parallel vacuum ultraviolet 

(PVUV) technique, which can generate highly straight VUV light to modify the substrate with precise and well–

defined modified hydrophilic patterns. This process has enabled the directed self–assembly of metal nanoparticle 

(NP) ink, leading to large–area functional patterns with microscale resolution.[74] 

Diverging from the prevailing studies based on honing the difference between hydrophilicity and hydrophobicity, 

we propose that the self–assembly process driven merely by modifying the hydrophilic and hydrophobic 

performance on the substrate is not sufficient for high–resolution patterning. Inspired by the Tokay gecko as shown 

in Figure 1.9, whose tiny feet exhibit superior adhesion to almost any material via both mechanical and chemical 

architecturing,[75–76] the surface adhesion on the designated regions of the substrate is expected to be regulated 

simultaneously to further boost the self–assembly property. 

Furthermore, the unique rheological property in the liquid–mediated directed self–assembly is going to be utilized 

rationally. The periodic internal microflow in the deposited functional suspension induced by evaporative 

convection can be utilized as a natural driving force to trigger the spontaneous alignment of the dispersed functional 

materials, leading to large–scale directed self–assembly for soft electronic manufacturing. Thus, this study aims to 

spontaneously organize and pattern functional micro–/nanomaterials into highly ordered and high–performance soft 

electronics that are actively adaptive to freeform circuit designs without the need for elaborate template construction 

by leveraging the advances in directed self–assembly technologies. 
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Figure 1.9. Structural hierarchy of the gecko adhesive system. (a and b) Gecko toe pads. (c) Gecko setae. 

 

1.4  Purpose and scope of this study 

The purpose of this study is to develop novel directed self–assembly strategies for additively manufacturing high–

performance and highly reliable soft electronics, enabling the streamlined liquid–mediated manufacturing 

technologies to replace or share the responsibility of conventional lithography as well as produce the novel 

electronics that cannot be achieved by lithography. Attempts are also made to break the bottleneck of the present 

challenges in soft electronic manufacturing. The thesis presents one fundamental dual–surface–architectonic (DSA) 

strategy which endows soft polymer substrates with distinct directed self–assembly property. Moreover, two novel 

strategies for high–performance soft electronic fabrications based on the DSA strategy have been demonstrated, 

revealing the strong feasibility and practicability. The research results of this study enrich the theory of liquid–solid 

interfacial engineering, expand the application scope of liquid–mediated directedly self–assembled technologies, 

and provide fundamental guides for prototyping and manufacturing of advancing arbitrary as well as spatial soft 

electronics. 

In Chapters 1 and 2, a brief description of soft electronics (history, status, value, challenges, opportunities, and 

application fields), an overview of manufacturing technologies for soft electronics, and the existing issues of self–

assembly technologies are listed. At the same time, the purpose of developing liquid–mediated directed self–

assembly strategies for patterning high–performance and high–resolution soft electronics is introduced. The 

manufacturing technologies and the employed characterization techniques are summarized. 

In Chapter 3, the concept of using surface adhesion force to magnify the directed assembly property is 

demonstrated, which is referred as the DSA strategy. By a cascade modification using PVUV exposure and alkali 

rinsing, the surface energy and surface polarity of the designated regions on the substrate have been increased 

simultaneously, leading to a significant enhancement of directed self–assembly property. The effects of PVUV 

exposure and alkali rinsing to the surface modification have been explored systematically. The results confirm that 

the modification degree can be controlled precisely by simply adjusting the exposure time of PVUV exposure, 

suggesting potential adaptability in directed self–assembly of different functional suspensions onto a variety of soft 

substrates. 

In Chapter 4, by utilizing the proposed DSA strategy, a directed self–assembled gold nanoparticle (AuNP) 

electrode has been demonstrated successfully with an unprecedentedly ultrahigh resolution of 600 nm. Directed 

self–assembled circuits in various shapes and sizes can be prepared facilely with suppressed coffee–ring effect and 
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long–term stability. Furthermore, the DSA process enables a layer–by–layer fabrication of additively manufactured 

organic thin–film transistors (OTFTs) with a short channel length of 1 μm, resulting in a large on–off ratio of 106 

and high field–effect mobility of 0.5 cm2 V−1 s−1. These results firmly prove the effectiveness of the proposed DSA 

strategy toward soft electronic manufacturing. 

In Chapter 5, the usage of the developed DSA strategy has been further expanded. Inspired by the obvious 

wetting/dewetting behavior of the DSA substrate, an innovative directed self–assembly strategy is proposed for 

patterning silver nanowires (AgNWs) into flexible transparent conductors (TCs) in a highly ordered manner using 

microflow velocity–field–induced spontaneous alignment. The self–assembled AgNW TCs with honeycomb–

structured patterns exhibit ultrahigh transmittance (98.2%), low sheet resistance (29.7 Ω sq−1), and prominent 

mechanical deformability. Moreover, the proposed strategy has been further applied to fabricate high–accuracy 

arbitrary AgNW circuits to realize flexible transparent heaters with adjustable localized heat sources. This is a 

universal and customizable method for patterning functional nanomaterials with almost no shape and dimension 

limitation, offering a promising prospect of liquid–mediated self–assembly technology in the manufacturing of 

advancing 2D or futuristic 3D soft electronics. 

In Chapter 6, the summary of the thesis is presented. 
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Chapter 2 

Experimental methods 

2.1  Introduction 

  This chapter introduces detailed information about the experimental methods used in this study, which have been 

broadly divided into two sections: sample preparations and methods of characterizations. The first section 

enumerates the preparation processes, including the DSA strategy, the DSA–triggered high–resolution AuNP circuit 

and its related application of additively manufactured OTFT, and the DSA–triggered AgNW TC and its related 

application of arbitrary transparent heater. In the second section, the utilized characterization techniques in this study 

have been summarized and introduced. A few specific instruments and tools will be further explained in the 

following chapters. 

 

2.2  Sample preparations 

2.2.1 Preparation of dual–surface–architectonic (DSA) substrate 

A flexible cyclic olefin polymer (COP, Zeon Corp., ZF–16) with a thickness of 100 μm was chosen as the substrate 

material owing to its hydrophobicity, moldability, and transparency. The COP substrate with an area of 4 × 4 cm2 

was then selectively irradiated by a parallel vacuum ultraviolet (PVUV) system under atmospheric condition 

through a contact photomask (150–200 nm, Ushio Inc., SUS740), which includes a PVUV excimer lamp with high 

energy (~695 kJ mol−1) and mask aligner (Figure 2.1).[74] The area of the modified regions on the targeted substrate 

was depended on the exposure region of the PVUV light, which can be controlled by changing the pattern design 

of the photomask. The exposure time of PVUV was adjusted from 0 to 600 s to control the oxidation degree of the 

exposed substrates. 

 

Figure 2.1 Digital images of the parallel vacuum ultraviolet (PVUV) system. 

 

The obtained substrate was then immersed entirely into an alkaline solution (Okuno Chemical Industries Co., 

OPC–370 Condiclean, MA, pH 8.0) with a polyoxyethylene alkyl ether of 1.1 wt.% and an organic nitrogen 
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compound of 5 to 10 wt.% at 55 °C to rinse the surface. Different rinsing time ranging from 0 to 600 s was used to 

treat the irradiated sample for process optimization. Afterwards, the substrate was rinsed again with deionized water 

(ELGA water purification system, VWS (UK)) and dried thoroughly using a N2 gas blower. Thus, we obtained the 

DSA substrate with selectively activated regions. 

 

2.2.2 Spontaneous nanoscale patterning of gold nanoparticle (AuNP) circuits 

For patterning conductive circuits, a π–junction AuNP ink (C–INK Co.) was employed owing to its room–

temperature processability, long–term reliability and large work function of 4.69 eV. The prominent functionality is 

attributed to the conductive ligand using a derivative of metal–free phthalocyanine (Figure 2.2), which not only 

decreases the interparticle distance between AuNPs by the highly planer molecular structure for an enhanced 

electronic coupling, but also provides additional electrical pathways through the π orbitals of the aromatic ligand to 

lower the electrical percolation threshold.[77] The AuNP ink was spread over the DSA substrate via a common slit–

coating process,[78–79] where it was spontaneously separated and assembled onto the activated regions on the DSA 

substrate. The swiping speed of the coating bar was 100 μm s−1. Afterwards, the patterned functional AuNP ink was 

dried into complex electronic circuits directly under atmospheric conditions with no other post–treatment. 

 

Figure 2.2 Schematic illustration of the utilized π–junction AuNPs.[77] 

 

2.2.3 Fabrication of high–resolution organic thin–film transistor (OTFT) arrays 

The staggered top–gate thin–film transistor (OTFT) was demonstrated on the obtained self–assembled AuNP 

circuit. After the DSA modification of the COP substrate, the functional AuNP ink was self–assembled and 

spontaneously formed into the high–resolution source (S)/drain (D) electrodes on the designated regions on the 

substrate. Prior to the solution casting of the semiconductor layer, a lyophobic guide layer of Cytop (Asahi Glass 

Co.) with a depth of 500 nm was formed as the bank arrays above the S/D electrodes via screen printing. An organic 

semiconductor solution prepared by dissolving hexyl–substituted dinaphtho[2,3–b:2',3'–d]thiophene derivative 

(C6–DNT–VW, JNC Petrochemical Corp.) in anisole (Fujifilm Wako Pure Chemical Corp.) at a concentration of 

0.3 wt.% was cast into the banks and dried under ambient conditions. Afterwards, the guide layer was rinsed 

thoroughly with CT–Solv 180 solvent (Asahi Glass Co.), allowing the semiconductor layer to precisely crystallize 

on the channel region above the S/D electrodes. A dielectric layer of parylene–C (KISCO) with a thickness of 600 

nm and a relative capacitance of approximately 3.0 nF cm−2 was coated over the entire substrate by chemical vapor 

deposition. Finally, the obtained sample was again treated using the proposed DSA strategy to define the top–gate 
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area above the integrated functional layers, followed by the slit–coating of AuNP ink to pattern the top–gate 

electrodes. 

 

2.2.4 Spontaneous patterning of silver nanowire (AgNW) transparent conductors (TCs) 

The AgNWs were dispersed in ultrapure water (Guangzhou Nano Chemical Technology Co.) at a concentration 

of 20 wt%. A series of AgNWs were used to adjust the liquid surface tension, which have the same average diameter 

of 50 nm and gradually increased average lengths of 5, 20, 50, and 100 μm. Before each use, a mild sonication for 

2 min was carried out to prevent agglomeration of the AgNWs and ensure a uniform concentration distribution. 

The DSA strategy was used again for the substrate preparation. In detail, the hydrophobic COP substrate (100 μm 

in thickness and 4 × 4 cm2 in area) with a pristine low–surface–energy (s
−) surface was irradiated by a selective 

PVUV exposure under a N2 atmosphere. The exposure time was controlled from 0 to 1200 s to adjust the extent of 

oxidation. Afterwards, the PVUV–exposed substrate was rinsed with an alkaline solution and subsequently with 

deionized water to create the high–surface–energy (s
+) region on the COP substrate. The activated substrate was 

dried thoroughly using a N2 gas blower. 

AgNW functional ink with 5 μL was deposited onto the DSA substrate and swiped over by a commercial slit–

coating process. The swiping speed was adjusted according to the AgNW functional ink being used. In detail, the 

swiping speed of the coating bar was 10 cm s−1 for patterning the AgNWs with 50 μm in length, whereas the speed 

was changed to 5 cm s−1 and 15 cm s−1 in cases where the length of the AgNWs was 20 μm and 100 μm, respectively. 

The coated functional ink formed a cross–border overlayer above the DSA substrate irrespective of the surficial 

difference in the solid surface energy. Almost simultaneously, the dispersed AgNWs began to align themselves at 

the s
− regions under the instantaneous flow field and spontaneously stacked layer–by–layer under the room–

temperature evaporation flow (23 °C), resulting in the spontaneously patterned AgNW TCs with a cross–linked 

network structure. 

Intense pulsed light (IPL) (PulseForge® Invent, NovaCentrix) was used to irradiate the as–prepared AgNW 

conductors to dry the residual moisture as well as compact the quasi–3D–stacked AgNW network (Figure 2.3). The 

reason we chose this technic is that IPL irradiation, as an optical sintering method, offers a broad–spectrum (200–

1500 nm) pulse of white light to generate instantaneous (ten of microseconds) and strong local heat toward the 

surface of the object upon the light absorptivity. In the case of sintering AgNW TCs, IPL irradiation can heat AgNW 

network selectively stemming from the strong light absorption by AgNWs with less damage to the heat–sensitive 

transparent polymer substrate. The samples were placed 5 mm beneath the crystal filter light under ambient 

conditions. The optical energy from 0 to 1.5 J cm−2 was generated by adjusting the pulse duration from 100 to 150 

μs, and the constant applied voltage from 600 to 750 V. With the appropriate control of the irradiation parameters, 

residual moisture among the AgNW network is expected to be evaporated, and the junctions of the quasi–3D stacked 

AgNW network could be sintered, leading to a rapid enhancement on the electrical conductivity without affecting 

the optical property of AgNW TCs. 
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Figure 2.3. Digital images for Intense pulsed light (IPL) irradiation and the sample placement. 

 

2.2.5 Fabrication of arbitrary AgNW–patterned transparent heaters 

With the reasonable circuit design, the patterned AgNW circuits exhibited high transmittance and high flexibility, 

resulting in high–performance and customizable TCs. The patterned AgNW TCs with customized microstructures 

have been further tried to be used as flexible transparent heaters without post–treatment. The two ends of the samples 

were plastered with Cu foil tape (TERAOKA Co.) using silver nanoparticle (AgNP) paste (TK paste CR–2800, 

KAKEN TECH Co.) and then fixed by metal clamps to suppress the contact resistance (Figure 2.4). After a voltage 

was applied to the TCs (Benchtop DC Power Supply P4K–80, Matsusada Precision Inc.), the temperature evolution 

was recorded by a portable IR camera (sensitivity: 0.05 °C, 875–1i, testo Co.) with a fixed working distance. 

 

Figure 2.4. Digital image for the setting up for the AgNW–based transparent heater (left) and the sample fixation 

(right). 

 

2.3  Methods of characterizations 

2.3.1 Microscopic surface state characterizations during DSA strategy 

The samples for surficial characterization were all prepared without the patterned photomask, in other words, the 
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homogenous DSA modification has been applied onto the COP substrate to avoid the localization issue. Furthermore, 

several parallel samples with multiple detection points have been prepared for ensuring the validity and reliability 

of the characterization results. 

 

2.3.1.1 Physical characterizations 

The morphologies of the modified substrate were observed using a digital optical microscope (OM, VHX–2000, 

Keyence Co.) and a field–emission scanning electron microscope (SEM, S–4800 EDX, Hitachi). The dimensions 

were obtained using a white–light interference microscope (VS1530, Hitachi). The configuration and the related 

height profile of the COP surface were explored using a scanning probe microscope with a dynamic force 

microscope (SPA400–DFM, Seiko Instruments). 

 

2.3.1.2 Chemical characterizations 

The surface chemical state was studied by X–ray photoelectron spectroscopy (XPS) with monochromatic Al–Kα 

radiation (20 W, 15 kV) (Quantum 2000, ULVAC–PHI, Inc.) and attenuated total reflectance Fourier transform 

infrared (ATF–FTIR) spectroscopy (Nicolet4700DR, Thermo Fisher Scientific). 

 

2.3.2 Macroscopic surface state characterizations during DSA strategy 

2.3.2.1 Solid surface energy evaluation 

In this study, the solid surface energy was investigated by the contact angle, dyne test pen, and a model 

computation according to the equation of extended Fowkes. Because these three kinds of tools have respective 

characteristics and applicable scope, we can thus have a specified and comprehensive understanding of the solid 

surface states by utilizing these measurements flexibly. 

Firstly, the contact angle was measured using a contact–angle analyzer (DMe–211, Kyowa Interface Science Co.) 

to provide a straightforward and rapid wettability evaluation of the modified substrates toward different kinds of 

functional solutions. Through depositing the functional droplet onto the substrate, the variation of the liquid surface 

tension of the functional ink affected by the solid surface energy and interfacial energy between liquid and solid at 

the three–phase contact line determines the drop shape, resulting in a measurable contact angle and disclosing the 

wettability relationship between the modified substrate and the specific solution. 

Secondly, dyne test pens were utilized to quantify the solid surface energy directedly (EnerDyne Dyne Pens, 

Enercon Industries Co.). In detail, we used the dyne test pens, which inks are in a range of liquid surface tension 

values from 30 to 72 mJ m−2, to draw across the different samples and observed the morphology changes of the 

remained Dyne test solution on the substrates. Through changing the use of the dyne pens with different liquid 

surface tension, the accurate solid surface energy can be read out when the dyne solution is held for exactly 4 s 

before the solution shrinks or draws back into droplets. The exact surface energy not only reveals the solid surface 

energy by the DSA strategy, but also contributes to the detailed quantitative calculation. 

Thirdly, the variation of the solid surface energy has been further explored by the three–component model 

according to the extended Fowkes.[80–81] In this model, the surface energy has been divided into three individual 

interactions, including disperse fraction, dipole–dipole fraction, and hydrogen bridge bonding fraction. Through 
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measuring the contact angle of the different solutions on the modified substrates, the fraction change can be 

calculated, and the reason for inducing the surface state variation can be therefore clarified. The related information 

will be further explained in Section 3.2.4. 

 

2.3.2.2 Sliding angle evaluation 

To evaluate the surface adhesion of the substrate, the sliding angle values were measured using a contact–angle 

analyzer (Drop Master–SA–Cs1, Kyowa Interface Science Co.). In detail, the sample with the functional droplet 

was placed on an external tilting stage (maximum tilting angle: 90°). During the rotation of the tilting stage, the 

sliding angle, the critical angle that the deposited droplet begins to move, can be observed. At the same time, based 

on the captured image, the contact angle hysteresis can be obtained by calculating the difference between the 

advancing angle and receding angle for evaluating the surface adhesion force toward the functional solution over 

different substrates. 

 

2.3.2.3 Liquid surface tension evaluation 

  The liquid surface tension has been detected by the pendant drop method using a contact analyzer (Drop Master–

SA–Cs1, Kyowa Interface Science Co.). During the practical measurement, the detections started from capturing a 

shape profile of the functional drop hanging from a needle and followed by a subsequently numerical calculation 

via the built–in software. 

 

2.3.3 Demonstrations of directed self–assembly property 

To trigger the directed self–assembly, the designated regions on the targeted surface are expected to initially 

adsorb and firmly pin the dispersed functional materials. Therefore, we designed two different conditions to 

individually observe the capacities of selective adsorbing and selective pinning for a comprehensive evaluation. 

Particularly, water was selected to demonstrate the directed self–assembly property. This is because water has higher 

liquid surface tension than almost any other solution (72.8 mJ m−2 at 20 °C), which not only reduce evaporation 

rate to give plenty of time for liquid–mediated patterning of the dispersed functional materials but also gain easy 

adjustment toward the fluid flowing according to different solid surface states owing to its strong polarity. At the 

same time, the water–based inks with varying kinds of dispersed functional solutes are available in large quantities, 

which make water an ideal candidate for fundamental study of the designed directed self–assembly systems. 

For the selective adsorbing property, a semi–modified substrate – half with pristine repellent surface and half 

with DSA modified surface – were prepared by using a half–covered photomask. Afterwards, water emitted from a 

syringe with a Teflon–coated needle (22G, Kyowa Interface Science Co.) was input onto the DSA substrate. The 

distance between the needle and the substrate was 1 mm. The liquid flow was recorded by a contact–angle analyzer 

(DMe–211, Kyowa Interface Science Co.). 

For the selective pinning evaluation, a modified substrate with selectively patterned DSA regions was prepared. 

Water emitted from the syringe was then spread over the modified substrate. The distance between the needle and 

the substrate was decreased to 700 μm to ensure the continuous water flowing at a moving speed of 100 μm s−1. The 

attracting and pinning behavior of the emitted water droplet affected by the variable surface energy states was 
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recorded and analyzed. 

 

2.3.4 Experiment for coffee–ring demonstrative test 

We used rhodamine–modified silica microparticles (AGC Si–Tech Co., SUNSPHERE NP–100) to intuitively 

observe and trace the flow of the dispersed solutes during room–temperature evaporation. The particle powder was 

dispersed in water at a concentration of 0.1 wt.%. During observation, 0.2 μL of the prepared solvent was deposited 

onto the substrate directly and dried under ambient conditions. The aggregation process of the silica microparticles 

drifted by the evaporative convection and the patterned structures after evaporation were in–situ recorded using a 

digital OM (VHX–2000, Keyence Co.). 

 

2.3.5 Performance characterizations of self–assembled soft electronics 

2.3.5.1 Physical performance evaluation 

The morphologies of the patterned circuits and the patterning process were observed using a digital OM (VHX–

2000, Keyence Co.) and a field–emission SEM (S–4800 EDX, Hitachi). The captured AgNW alignment was further 

analyzed by particle image velocimetry (FLOW–PIV, Library Co.) for microflow velocity analysis. The orientation 

analysis of the aligned AgNWs was conducted using the OrientationJ plug–in for the ImageJ software.[82] The 

transmittance was measured using a UV–visible near–infrared spectrophotometer (UV–2600, SHIMADZU Co.). 

The haze factor was determined using a UV–visible near–infrared spectrophotometer (SolidSpec–3700, 

SHIMADZU Co.). 

 

2.3.5.2 Electrical performance evaluation 

The conductivity of the patterned AuNP lines and the electric performances of the assembled OTFT transistors 

were tested using a vacuum prober station (Nagase Techno–Engineering Co.) and a semiconductor parameter 

analyzer (B1500A, Agilent Technologies) (Figure 2.5). The resistivity (ρ) was used to characterize the conductivity 

according to Equation 2.1: 

𝜌 = 𝑅
𝐴

𝑙
                                         (2.1) 

where R is the electrical resistance, A is the cross–sectional area, and l is the length of the printed lines.  
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Figure 2.5. Digital image for vacuum prober station. 

 

The charge–carrier mobility (μ) of the additively manufactured OTFTs was calculated in the saturation regime 

according to Equation 2.2: 

𝜇 =
2𝐿

𝑊𝐶i
(

√𝐼ds

𝑉gs−𝑉th
)2                                    (2.2) 

where L and W are the length and width of the channel region, Ci is the capacitance per unit area of dielectric layer, 

Ids is the source–drain current, Vgs is the gate voltage, and Vth is the threshold voltage. 

The sheet resistance of the AgNW TCs was measured by a four–probe analysis with a surface resistivity meter 

(Lorestra–GP, MCP–T610, Mitsubishi Chemical Co.). The bending test was performed on a desktop–model 

endurance test machine (DMLHB–FS, Tension–FreeTM U–shape Folding Test, YUASA SYSTEM Co.) at a speed 

of 10 rounds min−1 with a bending radius of 7.5 mm. The variation in the relative resistance was recorded in time 

by a resistance meter (RM3545–02, HIOKI Co.). 
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Chapter 3 

DSA strategy for liquid–mediated directed self–

assembly 

 

3.1  Introduction 

Self–assembly patterning driven by a difference in the surface free energies (s) of substrates is attracting 

increasing attention in the field of additively manufactured electronics.[34,83–84] Modified hydrophobic and 

hydrophilic regions on the surface can effectively guide fluidic inks to flow onto the designated regions 

spontaneously and result in the directly self–assembled functional patterns.[49] The benefits of this process include 

facile operation, low equipment requirements, and large–scale producibility; as such, there is enormous potential 

for the fabrication of electronic devices, i.e., large–area organic photodiodes,[85] disposable sensors,[86–87] and 

flexible OTFTs.[88] 

However, thus far, the practical applicability of self–assembly patterning has been severely limited because the 

achievable resolution is lower than those fabricated by conventional lithography technologies.[40,43] This lack of 

high–resolution performance can be attributed to the difference in the s between the designated regions and the 

substrate diminishing with decreasing the pattern size, which results in a lower driving force to trigger the self–

assembly. At the same time, the aggravated horizontal Laplace pressure caused by the shrinkage of the substrate–

ink interface produces an upward pressure that pushes the ink away from the substrate.[89–90] Diverging from the 

prevailing studies based on honing the difference between hydrophilicity and hydrophobicity, we conceive that the 

directed self–assembly process driven merely by modifying the s contrast may not be sufficient for spontaneously 

patterning functional structures with higher resolution. 

In this chapter, we report a DSA strategy, where the s as well as the surface adhesion force (FA) are found to be 

the critical factors for facilitating the directed self–assembly technology. We developed a two–step process to 

selectively create hydrophilic regions with enhanced polarity, leading to the simultaneous improvement of both s 

and FA with a remarkable wetting–pinning effect toward the functional inks. The premise of our strategy is to 

transform the designated regions in situ from the pristine substrate with an ultrahigh–resolution, provide strong 

shear stresses to attract fluidic selectively, and pin fluid firmly to accomplish the high–resolution and high–

performance directed self–assembly. We expect the proposed strategy can lay a firm and versatile foundation for 

promoting the development of liquid–mediated additively manufacturing technology. 

 

3.2  Results and discussion 

3.2.1 Design principles for DSA with selective adsorbing and pinning properties 

The DSA substrate for high–resolution self–assembly was designed according to the following three criteria: (1) 

the pristine substrate should repel fluidic ink; (2) the ink should flow preferentially to the designated regions; and 

(3) the ink should be firmly pinned onto the designated regions. The first criterion can be satisfied by using 
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hydrophobic polymer substrates, which tend to provide a low s and therefore repel the fluidic ink.[91] 

To satisfy the second criterion, we compared the total interfacial energies per unit area between the repellent 

region (EA) and the designated region after depositing a liquid onto them. The key point to trigger the selective 

adsorbing is that the interfacial energy of the designated region (EB) must be lower than that of the repellent region 

(EA), so that the deposited ink can flow toward the designated region preferentially. Therefore, we analyze the 

change of the total interfacial energy at the individual area on a simplified surface (Figure 3.1). Configuration A 

refers to the repellent state where the liquid moves freely, and Configuration B refers to the designated state where 

the liquid can be adsorbed. The idea here is to find that Configuration B provides a lower interfacial energy state 

than that of Configuration A, so that the liquid is prone to gathering from Configuration A to Configuration B. By 

comparing these two states, we could quantify the difference to ensure the self–assembly patterning can be triggered. 

In the below figure, EA and EB represent the total interfacial energy per unit area of Configuration A and B. In 

detail, Rf represents the roughness factor of the textured solid, which is defined as the ratio of the actual to the 

projected surface area. AL, BL, and L represent the interfacial energy of the Liquid–Solid A, Liquid–Solid B, and 

liquid surface tension, respectively. 

The following assumptions are proposed to derive the working condition: 1) the thickness of the liquid is much 

less than the capillary length of the liquid; 2) the surface roughness and the surface energy are uniformly distributed 

in both configurations; 3) the width of the unit area is much smaller compared with the width of solid–liquid 

interface in both area (L<LA<LB), in other words, the liquid is covered on the investigated surface entirely in each 

configuration. 

 

Figure 3.1. Derivation of the working conditions for selective adsorbing. 

 

To find the condition that the Configuration B has the lower surface energy state than Configuration A, we have 

∆E =EA–EB >0, which can be referred to, 

∆𝐸 = 𝑅𝑓A
𝛾AL − 𝑅𝑓B

𝛾BL > 0                       (Equation 3.1) 

The variables of Equation 3.1 can be further converted according to Young’s relation,[92–93] which can be 

expressed as, 

𝛾SV = 𝛾SL + 𝛾LV𝑐𝑜𝑠𝜃                           (Equation 3.2) 



37 

 

where SV, SL, and LV represent the interfacial energies of solid–vapor, solid–liquid, and liquid–vapor interfaces. 

Also, θ represents the contact angle of the deposited liquid on the solid surface. 

By transforming Equation 3.1 into a measurable form using Equation 2.2, we have, 

∆𝐸 = (𝛾AV − 𝛾LV𝑐𝑜𝑠𝜃A)𝑅𝑓A
+ (𝛾LV𝑐𝑜𝑠𝜃B − 𝛾BV)𝑅𝑓B

> 0        (Equation 3.3) 

where AV and BV are the solid surface energy of the repellent region (A) and the designated region (B), respectively, 

θA and θB are the contact angles of the liquid on the corresponding surfaces, LV is the liquid surface tension, and 

RfA and RfB are the corresponding roughness factors (the ratio between the actual and projected surface areas). 

According to Equation 3.3, the difference in s can be increased by maintaining a high surface roughness (high Rf) 

on both regions and decreasing the contact angle of the designated region (low θB), which will drive the liquid to 

flow into the designated regions. 

Regarding the third criterion, to guarantee the designated region (Configuration B) exhibits higher adhesive force 

(FA) than that of the repellent region (Configuration A), the deposited liquid is expected to roll off at the repellent 

region and be pinned at the designated region along the tilted substrate (Figure 3.2).[94] Thus, we introduce the 

sliding angle (α) to quantify the pinning behaviors, which stands for the critical angle of inclination.[95] It has been 

demonstrated that the width of the drop (ω), LV, the gravity of the deposited liquid, and the contact angle difference 

between the advancing angle (θadv) and the receding angle (θrec) of the liquid on the designated region determine the 

sliding angle by,[96–97] 

sin(𝛼) = 𝛾LV
𝑘𝜔

𝑚𝑔
(cos 𝜃rec − cos 𝜃adv)                  (Equation 3.4) 

where m is the mass of the liquid; g is the gravitational acceleration; and k is the dimensionless factor, which can be 

further calculated to be between 1/2 and π/2. 

 

Figure 3.2. Derivation of the working conditions for fluidic pinning. 

 

To derive the working condition, the surface textures are assumed to be uniform in each region. According to 

Equation 3.4, the solid surfaces are designed into the configurations with homogenous protuberances (Figure 3.2, 

right) for achieving the large s contrast. Considering the ultrahigh–resolution printing, the repellent region seeks 

to avoid the excessively low–surface–energy materials forming Cassie–Baxter liquid–solid interface, in another 

word, the configurations of liquid–solid interfaces are all Wenzel states in this study. 

Under the own gravity, the deposited liquid is supposed to move down the repellent surface at a slightly tilted 

angle while standing still on the designated surface even at a large–tilted angle. Therefore, we have ∆α=αB–αA>0, 
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which can be expressed as, 

∆𝛼 = 𝜔B(cos 𝜃rec − cos 𝜃adv)B−𝜔A(cos 𝜃rec − cos 𝜃adv)A > 0      (Equation 3.5) 

where ωA and ωB are the widths of the deposited liquid on the repellent and designated surfaces, respectively. 

According to Equation 3.5, we elucidate that a large liquid width (ωB) and high contact angle hysteresis (cah = θadv 

− θrec) of the designated regions are the two main indicators for imparting the designated regions with high FA. 

 

3.2.2 Two–step modification of cyclic olefin polymer (COP) for DSA substrate preparation 

On the basis of the defined principles, we fabricated the DSA substrate with large s and FA contrast to realize 

ultrahigh–resolution spontaneous patterning. COP was selected as the homogenous repellent (HR) substrate material 

to take advantage of its low s, high surface roughness, and, most importantly, huge potential for surface 

modification and micromachining (Figure 3.3(i)).[98] The substrate was then exposed selectively to PVUV exposure 

through a photomask to increase the local s and to obtain the surface–architectonic (SA) substrate (Figure 3.3(ii)). 

The PVUV system can generate precise well–collimated incident light, which yields submicron arrays of irradiated 

domains on the substrate and leads to efficient surficial oxidization. The SA substrate was further rinsed with an 

alkali solution to partially remove the oxidized moieties and increase the surface polarity, resulting in a DSA 

substrate with further enhanced surface adhesion force (Figure 3.3(iii)). 

 

Figure 3.3. Schematic depicting the manufacturing process from (i) the homogenous repellent (HR) substrate to (ii) 

the surface architectonic (SA) substrate to (iii) the dual–surface–architectonics (DSA) substrate. 

 

3.2.3 Characterizations of surface chemical states 

The variations of surface states via DSA strategy were explored with the macroscopic examination and chemical 

composition analyses. The contact angle was observed to substantially decrease from 100.5° to 51.5° with an 

increasing sliding angle from 42.0° to 58.1° (Figure 3.4 a and b), indicating that both s and FA were enhanced.[99] 

After the SA substrate was further rinsed with an alkali solution, even though the contact angle remained unchanged, 

the sliding angle improved from 58.1° to 90°, which is the maximum measurable value (Figure 3.4 a and b). At the 

same time, a continuous increase of the cah from 14.2 to 29.5° was achieved during the DSA process (Figure 3.4 b 

insets). The observation indicates that the alkali rinsing strengthened the FA significantly without dampening the 

enhanced s. 
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Figure 3.4. (a) Temporal dependence of the characteristic contact angle (θ) profiles. Insets show the corresponding 

θ measured with a 5.0 μL droplet. (b) Temporal dependence of the characteristic sliding angle (α) profiles. Insets 

show the corresponding α and contact angle hysteresis (cah) measured with a 1.0 μL droplet. Error bars in both (a) 

and (b) indicate the standard deviations from five independent samples. (c) Comparison of the attenuated total 

reflectance Fourier transform infrared (ATR–FTIR) spectra of the HR, SA, and DSA surfaces. 

 

As shown in the characterizations of the surface chemical status by ATR–FTIR spectroscopy, the bands in the 

spectra of HR substrate, including the wagging mode of –CH3 at 1447 cm−1 and the –CH3 and –CH2 stretches at 

2868 and 2947 cm−1, decreased in intensity after PVUV irradiation. The decrease was accompanied by the 

appearance of oxygen polar functional groups (OPFGs), including the carbonyl (C=O) stretching band from 1500 

to 1850 cm−1 and a broad hydroxyl (H–O) stretching band from 3075 to 3700 cm−1 (Figure 3.4 c).[100–101] These 

results indicate that the PVUV exposure can disrupt the oxygen–free bonds and induce oxidation of the substrate, 

leading to a change in the surface structure and to increases of the s and the FA. 

The intensities of both the carbonyl and hydroxyl peaks in the ATR–FTIR spectra decreased after alkali rinsing, 

which indicates that the partial OPFGs were removed by the scission of the photo–oxidized/photocleaved SA 

substrate. Closer inspection (the right inset of Figure 3.4 c) reveals that the carbonyl bands were slightly red–

shifted, indicating that the carboxyl groups (1780–1710 cm−1) were partially substituted with electron–donating 

groups.[102–103] Combing the decrease in intensity of the hydroxyl bands (the left inset in Figure 3.4 c), these results 

suggest that hydrogen cations were likely dissociated from the carboxyl groups via alkali neutralization, leading to 

a polarity enhancement and a strong FA.[104–105] 

The surface chemical states were further analyzed by XPS, as shown in Figure 3.5. For the HR substrate, only 

non–oxygenated carbon bonds (C–C/C–H at 284.8 eV) can be detected. After PVUV exposure, a clear oxygen peak 

(O 1s) began to appear, which comprised the peaks of OPFGs, including hydroxyl (C–O, 286.2 eV), carbonyl (C=O, 

288.1 eV), and carboxyl (COOH, 289.1 eV). The variation illustrates that the optical energy of PVUV was sufficient 

to disrupt the oxygen–free bonds (C–C= 348 kJ mol−1 and C–H= 413 kJ mol−1) and arouse the oxidization on the 

COP substrate.[106] After alkali rinsing, the share of the OPFGs decreases from 35.3 to 28.4 %, which indicates the 

cleavage and removal of the oxidized moieties. In detail, the share of carboxyl dropped off significantly compared 

to the hydroxyl and carbonyl, which suggests the disbands of the hydrogen cations in the hydroxyl band via alkali 

neutralization. 

Overall, the results of these chemical composition analyses indicate that the proposed DSA strategy not only 

triggered the selective oxidation, but also implied that the surface polarization was progressed on the PVUV–
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irradiated regions via alkali neutralization with no effect on the non–modified regions. 

 

Figure 3.5. Comparison of X–ray photoelectron spectroscopy (XPS) (a) wide–scan and (b) C 1s spectra (right) of 

the HR, SA, and DSA surfaces. 

 

3.2.4 Surface adhesion analysis via interfacial interaction analysis 

Interfacial interaction analysis was carried out to evaluate the changes in the surface polarity during the DSA 

process (Figure 3.6). Based on the model of extended Fowkes, the liquid–solid interfacial tension (attracting force) 

can be studied according to the sum of the s, which is further split up into three individual interactions, including 

the disperse fraction (s
d), the dipole–dipole fraction (s

p), and the hydrogen bridge bonding fraction (s
h).[81] 

The disperse interaction, also known as the London dispersion force, is a temporary attractive force that can be 

found in everything, occurring when one molecule, typically non–polar at the beginning, forms a temporary dipole 

and then creates an induced dipole in another molecule. Because the disperse interactions are temporary, they are 

weaker than the other two permanent polar intermolecular interactions. When the surface of the substrate becomes 

polar, the dipole–dipole interactions occur, and the positive side (δ+) of either substrate or functional ink can be 

attracted to the negative side (δ–) of another. The large electronegativity difference between electron–deficient and 

electron–rich components strengthens the presented attraction force. Hydrogen bridge bonding interaction, also 

known as hydrogen bonding interaction, is a kind of specific dipole–dipole interaction. It only occurs when the 

partially positive hydrogen atom is attracted to the negative atom of nitrogen, oxygen, and fluorine. Notably, the 

electronegativity difference is very large due to the combined effect of high electronegativity and small size of the 

above atoms. Therefore, hydrogen bridge bonding is more polarizable and has a stronger electrostatic force than the 

other dipole–dipole bonding, predominating liquid–solid interfacial interaction. The relationship among these 

interactions can be summarized as geometric mean values: 

𝛾ls = 𝛾l + 𝛾s − 2(√𝛾l
d ∙ 𝛾s

d + √𝛾l
p ∙ 𝛾s

p + √𝛾l
h ∙ 𝛾s

h)           (Equation 3.6) 

where ls represents the liquid–solid interfacial interaction, and l and s represent the surface energy of the liquid 

and solid phases. l
d, l

p, l
h, and s

d, s
p, s

h refer to the disperse, dipole–dipole, and hydrogen bridge bonding 

interactions for the liquid and solid phases, respectively. 

By convert the interfacial interactions between solid–liquid phases by Young’s relation (Equation 3.2), the 

equation can be converted into: 

𝛾l(1 + cos 𝜃) = 2(√𝛾l
d ∙ 𝛾s

d + √𝛾l
p ∙ 𝛾s

p + √𝛾l
h ∙ 𝛾s

h)          (Equation 3.7) 
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in which, θ represents the contact angle of the deposited test liquid on the solid surfaces with different modified 

states. Accordingly, three test liquids, water, glycerin, and ethylene glycol (EG) were selected to deposit on the 

substrates for measuring the contact angles. Table 3.1 summarizes the parameter information of the test liquids and 

the measured results.[80] In this case, each sample was measured at five different points and three parallel samples 

were utilized for determining the average values. 

Table 3.1. Surface tensions of test liquids and measured contact angles. 

 
Liquid surface tension (×10⁻⁵ N cm–1) Measured contact angle (°) 

 
l l

d l
p l

h HR substrate SA substrate DSA substrate 

Water 72.8 29.1 1.3 42.4 99.8±1.0 49.5±0.7 49.6±0.9 

Glycerin 63.4 37.4 0.2 25.8 85.3±1.6 41.7±2.5 45.8±1.2 

EG 47.7 30.1 0 17.6 73.2±1.2 8.4±1.5 22.9±0.6 

 

After putting the relevant parameters into Equation 3.7, the results were calculated and present in Figure 3.6 a. 

We have only found the non–polar disperse fraction on the HR substrate, verifying the weak liquids–solid interfacial 

interaction on the hydrophobic COP substrate. After PVUV irradiation, the disperse fraction was observed to be 

decreased, and the hydrogen bridge bonding fraction began to appear on the SA substrate. This can be attributed to 

the photo–oxidization by PVUV irradiation, which generated OPFGs on the surface and therefore produced the 

electrostatic force on the SA substrate. Strikingly, even though the surface energy remains unchanged after alkali 

rinsing, the hydrogen bridge bonding fraction was further increased with the rapid decrease of the disperse fraction. 

This variation can be explained by the neutralization with photo–induced carboxyl groups during alkali rinsing, 

which converted the carboxyl groups into carboxylate anions (COO−) and further widened the electronegativity 

difference. 

The expected change in molecular structures of the modified substrate has been presented in Figure 3.6 b. It is 

worth mentioning that we use pure water molecules in the schematics to illustrate the solid–liquid interfacial 

interaction generally. In the actual self–assembly systems using different functional inks, the effect of the solutes 

toward liquid surface tension as well as the polarity of the utilized solvent requires additional consideration. After 

exposing the HR substrate using PVUV, the OPFGs, including carboxyl (as shown in the schematic), hydroxyl, and 

carbonyl, generate on the SA substrate, which pull the water molecules toward the substrate via the formation of 

interfacial hydrogen bridge bonds. After further alkali rinsing, the negatively charged carboxylate anions with higher 

electronegativity (δ– –) can be achieved, which convert the hydrogen bridge bonding interactions into ion–dipole 

interactions and provide superior attraction force between the liquid and solid phases. The results of the interfacial 

interaction analysis reveal that intense surface polarization can be achieved by the DSA strategy, leading to the FA 

improvement. 
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Figure 3.6. (a) Interfacial interaction analysis between solid and liquid phases based on the extended Fowkes model. 

(b) Schematic depicting the interfacial interactions between water molecules and the SA substrate (upper) and the 

DSA substrate. The straight lines represent the covalent bonds. The dashed lines represent the hydrogen bonding 

and ion–dipole bonding. 

 

3.2.5 Surface morphology and roughness of DSA substrate 

The variations of surface roughness and topography were characterized by DFM. The pristine HR substrate 

reveals a microtexture with sharp–tapered spikes with a ten–point mean roughness (Rz) of 0.7 nm (Figure 3.7 a), 

which is attributed to the high repellency of the hydrophobic substrate. After the PVUV exposure, the spikes were 

rearranged into blunt but dense protuberances, and the Rz was slightly decreased to 0.5 nm (Figure 3.7 b). 

Combining with the previous surficial chemical analyses, this topological change can be explained by the PVUV–

induced surface oxidation. 

After the SA substrate was rinsed with an alkali solution, its surface was transformed into a submicron–scale 

rough configuration with a high Rz value of 0.6 nm (Figure 3.7 c). This observation revealed that the DSA strategy 

finally increased the surface roughness again due to the partial removal of the photocleaved SA substrate via alkali 

neutralization, which is contributed to achieving high s and FA. 

The comprehensive variations trigged by the DSA strategy of the smaller θ, higher Rf, wider ω, and larger cah 

demonstrate a remarkable effect of directly building the designated regions with both high s and strong FA, in 

conformance with our premise. 
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Figure 3.7. Topographies of the (a) HR substrate with 0.7 nm in Rz, (b) SA substrate with 0.5 nm in Rz, and (c) DSA 

substrate with 0.6 nm in Rz observed by dynamic force microscope (DFM). 

 

3.2.6 Controlling of DSA strategy 

Based on a series of topological and chemical characterizations, the effect of the proposed DSA substrate toward 

polymer substrate can be summarized as shown in Figure 3.8, where the PVUV exposure creates high s regions 

and rinsing with an alkali solution endows the regions with strong FA. Many factors can influence the final effect 

of the DSA strategy, including diversified optical processing technics with different light wavelengths, alkali 

solutions with various chemical components, and process parameter adjustment. To testify the applicability and find 

out the optimal parameter in the DSA strategy, process factors of the PVUV exposure time exposure toward the 

surficial chemical states were discussed. 

 

Figure 3.8. Sequence for surficial modification via DSA strategy. 

 

In detail, a series of PVUV exposure ranging from 0 to 600 s were used to treat the HR substrates. The surface 

chemical states of the pristine HR and the obtained SA substrates were investigated based on the XPS spectra, as 

shown in Figure 3.9 a. With the increase of PVUV exposure time, the intensity ratio of OPFGs kept increasing, 

indicating that the s can be enhanced facilely and controllably. After rinsing the PVUV–irradiated SA substrate by 

alkali solution, the peak intensity and area containing OPFGs were decreased (Figure 3.9 b). Notably, among 

different OPFGs, a rapid intensity decrease of carboxyl was observed, which can be attributed to the alkali 

neutralization and the magnified surface polarization. Taken together, these results suggest that the proposed DSA 

strategy can manipulate the solid surface energy and surface polarization effectively via simply adjusting the PVUV 

exposure time, showing strong potential in putting into the practical liquid–mediated directed self–assembly system. 
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Figure 3.9. XPS wide spectra and high–resolution spectra of C 1s and O 1s of modified substrates induced by (a) 

PVUV exposure and (b) PVUV exposure and alkali rinsing. 

 

3.2.7 Evaluation of directed self–assembly property 

To evaluate the directed self–assembly property of the proposed DSA substrate directly, two different 

demonstrations have been designed to assess the behaviors of selective adsorbing and selective pinning, respectively. 

Figure 3.10 shows time–resolved observations of water flow on the semi–modified surface. When the pendant drop 

approaches the substrate, the drop spontaneously flows toward the modified DSA region, demonstrating the effect 

of PVUV and alkali rinsing for increasing the s and FA to guide the fluidic flow. 

 

Figure 3.10. Time–resolved flow of a pendant drop on the semi–modified DSA surface. Scale bars: 350 µm. Drop 

volume: 2.0 µL. 

 

A drop–sliding test based on the liquid friction force measurement was carried out to evaluate the FA of the DSA 

substrate.[94] As shown in Figure 3.11 a, the drop presents both high θadv and θrec during flowing above the HR 

substrate, confirming the high liquid repellency. For the SA substrate with the designated modified regions, the 

slightly increased θadv and decreased θrec of the drop were observed during flowing, indicating the self–assembly 
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property with wetting/dewetting behavior has been generated (Figure 3.12 b). However, the effect of the SA 

modification was not strong enough to pin the liquid on the designated areas. Strikingly, we observed the initiative 

wetting with vastly increased θadv, hysteretic dewetting with significantly decreased θrec, and distinct pinning on the 

designated regions were observed in the drop flowing over the DSA substrate (Figure 3.12 c). Therefore, we 

conclude that the directed self–assembly property has been significantly improved by the DSA process, which 

generates the selectively strong shear stresses for pinning the liquid on the designated regions firmly. 

 

Figure 3.11. Photographs of drop–sliding tests above the (a) HR, (b) SA and (c) DSA surfaces. Scale bars: 350 µm. 

Drop volume: 2.0 µL. 

 

3.3  Conclusion 

The issue of the low resolution of self–assembled electronics has long been a crucial problem hindering practical 

applications. In this chapter, a DSA strategy has been demonstrated, where the s as well as the FA are found to be 

two critical factors for amplifying the directed self–assembly property. We designed a serial treatment of optically 

oxidation and chemical polarization to create hydrophilic regions with enhanced polarity, leading to the 

simultaneous improvement of both s and FA with a remarkable attracting–pinning effect toward the functional inks. 

Furthermore, the modified surface states can be optimized facilely by parameter adjusting, providing a versatile 

platform in patterning different kinds of functional materials onto the targeted substrates for the fabrication of 

additively manufactured electronic (AME). 
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Chapter 4 

Ultrahigh–resolution self–assembled electrodes for 

additively manufactured OTFTs 

4.1  Introduction 

Directed self–assembly of functional materials appears to be a promising alternative to photolithography due to 

its high process compatibility toward soft electronic manufacturing and simple fabrication process.[107–108] As such, 

the technology of directed self–assembly has been gathering increasing attention in the field of next–generation 

AMEs. However, under the rapid development of the AMEs market, the low resolution of the self–assembled pattern 

has become a serious problem. The current resolution of the self–assembled pattern remains around 10 μm. Very 

few studies reach the submicron resolution at the expense of severe coffee–ring effect and poor electrical 

performance. 

In this chapter, by utilizing the proposed DSA strategy, we demonstrate the fabrication of ultrahigh–resolution 

AuNP patterns (600 nm) by directed self–assembly technology for the first time, with suppression of the coffee–

ring effect and the realization of high conductivity (14.1 ± 0.6 μΩ cm). In addition, the resultant patterns can be 

used as high–resolution electrodes for the fabrication of fully additively manufactured OTFTs with 1 μm–wide short 

channels; these OTFTs exhibit a large on–off ratio of 106 and a high field–effect mobility of 0.5 cm2 V−1 s−1. We 

expect these results to promote the practical applications of directed self–assembly technologies in AME 

manufacturing. 

4.2  Results and discussion 

4.2.1 Directed self–assembly of ultrahigh–resolution soft electrodes 

The fabrication of self–assembled electronic circuits has been illustrated in Figure 4.1. The substrate was treated 

by DSA strategy using 150 s PVUV exposure and 30 s alkali rinsing. A π–junction AuNP ink was utilized to pattern 

the conductive electrode on the flexible DSA substrate under ambient atmospheric conditions.[77] In detail, the AuNP 

ink was swiped above the entire substrate using a commercial slit coating process (Figure 4.1(i)). The AuNP ink 

was then spontaneously assembled on the designated regions owing to the high surface energy state by DSA strategy 

(Figure 4.1(ii)). After the ink was dried at room temperature, the self–assembled flexible circuit could be formed 

facilely with no additional sintering benefitted by the conductive ligands of the utilized AuNPs (Figure 4.1(iii)). 
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Figure 4.1. Schematic of the patterning procedures for the self–assembled AuNP circuit using a DSA substrate. 

 

As shown in Figure 4.2 a, fine patterns with various shapes, including dots, polylines, curves, and straight lines, 

were formed on the DSA substrate in a single printing process. The designated regions were covered by the AuNP 

lines ranging from 5 μm to 600 nm in width, with well–defined boundaries and clear edges (Figure 4.2 b). No 

residual particles were observed on the repellent regions, indicating high–definition patterning. Notably, in this 

process, a submicron resolution (600 nm) was first achieved using non–lithographic directed self–assembly 

patterning (Table 4.1). 

 

Figure 4.2. (a) Optical micrographs of the multiform electrodes. (b) Morphology observations of the lower–right 

circuit in Figure 4.2 (a) by scanning electron microscopy (SEM). 
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Table 4.1. Comparison of resolution, resistivity, patterning procedure and process factor with those state–in–the–

art works using additively manufactured electrodes. 

Electrode Resolution 

[μm] 

Resistivity 

[μΩ cm] 

Coffee–

ring effect 

Ancillary 

structure/construction 

Ref. 

Electroplated CuNP 150 2.0 NAb) Anti–adhesive template [109] 

Electroplated CuNP 10 1.93 NA Photoresist template [38] 

Electroless–plated 

AgNP 

2 4.7 Ω sq–1 No DMA template catalysis [110] 

Electroless–plated 

AuNP 

10 120 NA Ag template catalysis [111] 

Electroless–plated 

CuNP 

18 3.2 NA Ag template catalysis [112] 

Electroless–plated 

CuNP 

1  3.2 No Pd template catalysis [113] 

Electrostatic–interacted 

AgNP self–assembly 

10 94.9 Serious APTES template [114] 

Interfacial convective 

self–assembly 

0.025 85.8 NA Photoresist template [115] 

Chemisorption self–

assembly AgNP 

0.8 100 No Perfluorinated template [100] 

SFE–triggered self–

assembly AgNW 

10 6.1 NA CYTOP template [64] 

SFE–triggered self–

assembly AgNP 

0.3 NA Serious Photoresist template [116] 

SFE–triggered self–

assembly AgNW 

20 25 Ω sq–1 NA NRc) [82] 

SFE–triggered self–

assembly AuNP 

10 ~9 Serious NR [77] 

SFE–triggered self–

assembly AuNP 

1 NA Serious NR [74] 

DSAa) self–assembly 

AuNP 

0.6 14.1 No NR This 

work 

a) dual–surface–architectonics; b) not available; c) not required. 

 

The reproducibility of the ultrahigh–resolution patterned structure was further investigated. Figure 4.3 shows the 

SEM observations of the submicrometer structures on four parallel samples. The self–assembled high–resolution 

electrodes ranging from 600 nm to 3 μm exhibited distinct boundary lines and highly organized patterning structures. 

At the same time, the AuNPs were observed to be distributed evenly and stacked compactly with each other. These 
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observations indicate the high reproducibility and conductivity of the proposed DSA process. It is worth mentioning 

that the AuNPs exhibit the intrinsic high corrosion resistance than the other electrode materials, which also facilitate 

the electrical conductivity of the self–assembled patterns. 

 

Figure 4.3. SEM observations of the self–assembled high–resolution patterns and the magnified regions of the 

submicrometer AuNP patterns among four parallel samples. 

 

4.2.2 Mitigation of coffee–ring effect via DSA strategy 

The performance of self–assembled electronics commonly suffers from the coffee–ring effect, where a drying 

droplet of the functional ink leaves a ring of solute deposits on a substrate rather than a uniform pattern, which leads 

to serious degradation of the electrical properties and poor interfacial contact in electronic devices.[117] In detail, 

during the solvent evaporation process, the radial–outward flow induced by the surface tension gradients carriers 

the solute from the center to the edge of the droplet.[118–119] Because the three–phase contact line of a droplet on a 

substrate with a high s possesses a higher evaporating speed, the suspended solute is then drawn to the edge vicinity, 

where it forms a ring–shaped particle deposit (Figure 4.4 a(i)). As a demonstration, we show in Figure 4.4 a (ii 

and iii) that the microparticles were stacked at the droplet periphery on the SA substrate, consistent with the 

mechanism of the coffee–ring effect.[120] In addition, the particles were also deposited at the center of the droplet, 

resulting in a spot–inside–ring pattern, which is attributed to the weak substrate–solvent interactions.[121] By contrast, 

when the s and FA are increased simultaneously, the aggregation of the solute toward the three–phase contact line 

is expected to be harnessed through the high surface roughness and enhanced cah,[117,122] resulting in an interrupted 

radial–outward flow and a homogeneous arrangement of the solute (Figure 4.4 b(i)). Therefore, the particles were 

uniformly deposited onto the DSA substrate after evaporation without the severe coffee–ring pattern or the central 

spot, as shown in Figure 4.4 b(ii) and b(iii). 
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Figure 4.4. Effect of DSA process toward the coffee–ring effect. Schematics and optical micrography observations 

of the solute movement and the dried solution films using on the a) SA and b) DSA substrates. 

 

We here discuss the difference between the patterned electrodes on the SA and DSA substrates. For the SA 

substrate, the patterned AuNPs piled up around the edge of the electrodes, resulting in a considerable height 

difference (0.5 μm) between the edge and the central area (Figure 4.5 a). In addition, an area of missing AuNP 

patterns and unclear boundaries were observed, in accordance with the weak self–assembly property. By contrast, 

the electrode patterned on the DSA substrate exhibits not only a flat topography with a dramatically decreased height 

difference (0.1 μm) but also high integrity of the self–assembled pattern (Figure 4.5 b). These results indicate that 

the proposed DSA technology can suppress the inherent problem of the coffee–ring effect as well as improve the 

patterning performance during self–assembly printing. 

 

Figure 4.5. Optical micrographs, 3D interferometry images, and height profiles of the self–assembled patterns on 

the (a) SA and (b) DSA substrates. 

 

4.2.3 Conductivity and reliability evaluations of self–assembled electrodes 

To extend the self–assembly technology to a more realistic manufacturing environment, we investigated the 
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conductivity and reliability of the patterned AuNP electrodes. Figure 4.6 a shows the resistivity variations of AuNP 

electrodes according to the different linewidths and ink concentrations (test set shown in Figure 4.6 inset). In the 

case of the fluidic ink with 25 wt.% AuNPs, the self–assembled lines varying in the width from 20 μm to 2 μm 

exhibit a low resistivity (14.1 ± 0.6 μΩ cm) similar to that of pure Au (2.2 μΩ cm), indicating high and reliable 

conductivity. The resistivity increases exponentially when the linewidth is reduced to 1 μm. According to the 

topographical observation as shown in Figure 4.6 b, the height of self–assembled AuNP patterns keeps decreasing 

with the dimension shrinkage of the electrodes, suggesting a reduction of the charge transports among the stacked 

AuNPs. The mechanism of wettability–contrast–induced directed self–assembly changes with dimensional 

minimization of the self–assembled electrodes. Under the interaction effect among the decreased interfacial shear 

stresses, the aggravated horizontal Laplace pressure, and the rheology property of the AuNP ink, the volume of the 

pinned functional ink is not directly proportional to the electrodes with high–resolution linewidth, which leads to 

the decreased density of the stacked AuNPs and the irregularly increased resistivity after room–temperature 

evaporation. 

At the same time, a higher resistivity with a similar trend change was observed from the lines patterned using the 

15 wt.% AuNP ink, which further verifies certain relationship exists between the dimension of the patterned 

electrodes and the resistivity. Nevertheless, due to the rough gradient of the prepared electrode linewidths, the 

number of the data points is not sufficient for curve fitting, especially during the abrupt resistivity degradation 

among the high–resolution self–assembled electrodes (linewidth below 2 μm). The relationship will be studied and 

discussed by increasing the gradient of the electrode linewidths in the range from 600 nm to 2 μm in our further 

research. – Based on the change in the trend of the resistivity, we chose the fluidic ink with 25 wt.% AuNPs for the 

following electronic manufacturing. 

 

Figure 4.6. (a) Comparison of the resistivity with respect to ink concentration as a function of the patterned 

linewidths. Error bars indicate standard deviations of the results for seven independent samples; Inset: Photograph 

of the specimen testing for resistivity evaluation. The distance between two probes is 2000 μm. (b) The related 

height profile of the self–assembled AuNP patterns. 

 

On the other hand, the long–term reliability of the high–resolution electrodes was further characterized by 

evaluating the resistivity variations after 500–day room–temperature and ambient atmospheric storage. As shown 
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in Figure 4.7, the long–term ageing had little effect on the AuNP self–assembled patterns with different linewidths, 

and the resistivities remained constant, which reveals the high reliability of the fabricated AuNP electrodes and the 

broad applicability to functional electronic manufacturing. 

 

Figure 4.7. Comparison of the resistivity of just fabricated and aged (500–day storage under room temperature and 

ambient atmospheric pressure) 25 wt. % AuNP electrodes as a function of the self–assembled linewidths. Error bars 

indicate standard deviations of the results for seven parallel samples. 

 

4.2.4 Additively manufacturing of high–resolution short–channel OTFT array 

Owing to the large work function of the utilized AuNPs (4.69 eV), the applicability of the patterned high–

resolution AuNP circuits is further examined by integrating them into an OTFT array as electrode materials. First, 

the bottom–contact S/D electrodes with a linewidth from 1 to 10 μm and short channel width (1 μm) were fabricated 

on the DSA substrates (Figure 4.8(i) and 4.9). The organic semiconductor solution (C6–DNT–VW) was then 

deposited onto the channel regions upon the screen–printed removable guide layer, resulting in a discrete array of 

semiconductor crystal islands (Figures 4.8(ii) and 4.10 a). After the insulating dielectric layer (parylene–C) was 

laminated on the top of the substrate (Figure 4.8(iii)), the gate (G) electrodes were assembled precisely with clear 

morphology and distinct boundaries using the proposed self–assembly patterning process (Figure 4.8(iv) and 4.10 

b and 4.10 c). 
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Figure 4.8. Platform for fabricating high–resolution organic thin–film transistor (OTFT) arrays. Fabrication process 

flow for the integration of OTFT arrays: (i) Spontaneous patterning of high–resolution S/D electrode circuit on the 

DSA substrate. (ii) Drop–casting semiconductor (C6–DNT–VW) crystal islands above the S/D electrodes. (iii) 

Laminating a dielectric (parylene–C) layer. (iv) Spontaneous patterning gate (G) electrodes to complete the 

transistor structure; the inset shows the multilayered structure of the integrated transistor. 

 

 

Figure 4.9. Digital image and optical micrographs of a flexible S/D electrode circuit, and magnified regions with 

different electrode widths. 
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Figure 4.10. (a) Optical micrograph of S/D electrode with the channel width of 1 μm after semiconductor deposition. 

The channel region has been marked with length (L) of 300 μm and width (W) of 1 μm. (b) Optical micrograph of 

a top–gate OTFT. (c) Digital image of the integrated OTFT arrays. 

 

4.2.5 Typical output and transfer characteristics of integrated OTFTs 

We investigated the variation in the electrical performances of the OTFTs depending on the electrode linewidth 

by characterizing their typical output and transfer characteristics. As shown in Figure 4.11 a, approximately linear 

dependences of IDS in the low –VDS regime were observed and finally saturated with VDS beyond the pinch–off point. 

This behavior was unified among the patterned OTFTs using the S/D electrodes with different linewidths of 10, 5, 

and 1 μm, suggesting that the channel majority free charge carrier distribution in these additively manufactured 

OTFTs was uniform, with few fixed charged defects.  

Since the potential applications of these OTFTs are massively used as electronic switches, we also evaluated the 

transistor function of the switching capacity (Figure 4.11 b). The transistors with electrode widths of 10 and 5 μm 

exhibited a large on–off ratio of 106 with a steep increase in IDS and an average mobility as high as 0.5 cm2 V−1 s−1 

in the saturated regime. Meanwhile, the on–off ratio of the transistor with 1 μm–wide electrodes decreased to 104, 

with a relatively small subthreshold slope and lower mobility (4.9 × 10–4 cm2 V−1 s−1). These variations are attributed 

to the limited charge carrier transport and increased contact resistance between the interfaces of the semiconductor 

and high–resolution electrodes, which requires further optimization for reducing the surface roughness. 

Nevertheless, we note that the integrated OTFTs with 1 μm–wide high–resolution electrodes exhibit decent electrical 

performance in both electronic characterizations, which demonstrates the potential of the DSA strategy in the 

fabrication of transistors or other optoelectronics/bioelectronics with shrunken dimensions. 

 

Figure 4.11. Comparisons of typical (a) output and (b) transfer characteristics of high–resolution OTFTs with 

different electrode linewidths. 

 

4.3  Conclusion 

In this chapter, a directed self–assembled AuNP electrode fabricated using the DSA strategy has been reported 

with all of the high–performance characteristics, including high–resolution (submicron–scale) printability, high–

definition forming for multiform circuits, a suppressed coffee–ring effect, stable electrical properties, and reliable 
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practical application prospects. The DSA substrates with high–s and strong–FA designated regions provide a 

versatile and reliable platform for the spontaneous patterning of high–resolution electronics. Because high–

repellency polymer materials are commercially available in great diversity, one can transform different kinds of 

these solids into the DSA surfaces without the use of cumbersome and expensive fabrication procedures. 

Furthermore, by testing the wide variety of liquid–mediated manufacturing technologies, fluidic inks and their 

diversified physical and chemical properties, we are currently exploring the limitations of submicron–textural 

architecturing for miniaturizing self–assembled electrodes as well as the compatibility with other printing systems. 

We anticipate that the DSA process will be further developed to serve as an indispensable procedure that satisfies 

emerging criteria in the rapidly developing electronic market. 
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Chapter 5 

Internal microflow manipulation by velocity field 

gradients: spontaneous patterning of AgNWs for flexible 

TCs 

5.1  Introduction 

Flexible TCs enable electron transport without blocking the passage of light; they are therefore widely applied in 

the ongoing development of soft optoelectronics, including flexible photovoltaics,[123–124] displays,[125–126] smart 

windows,[127–128] transparent heaters,[129] and electromagnetic interference shielding.[22,130] Among a large number 

of compositive nanomaterials, one–dimensional (1D) nanowires (NWs), such as AgNWs,[131] gold nanowires 

(AuNWs),[132] and metallic alloyed NWs,[133] are well known for their good conductivity, variable light–blocking 

efficiency, and inherent flexibility. However, the large–scale, facile fabrication of high–performance NW TCs is 

still required for achieving practical production. Currently, NW TCs are fabricated by overcoating[57,134–135] or 

templated assembly,[63–69] which either lowers the transmittance or complicates the process. 

In the present study, by using an NW–structured solute to introduce capillary force into the system, the DSA 

strategy was extended to create a continuous internal microflow field to maneuver the dispersed NWs and 

spontaneously form the patterned NW TCs. We achieved this by manipulating the entire microflow velocity field at 

the interface between the functional ink and target surface using the surface energy contrast of the DSA substrate. 

In this proposed system, after overcoating the DSA substrate with the AgNW functional ink, the dispersed AgNWs 

in ink are effectively trapped onto the designated regions in a layer–by–layer alignment fashion by periodically 

changed internal microflow, resulting in self–organized AgNW patterns with a cross–linked structure and precise 

fixation. The combination of the microflow velocity–field–gradient manipulation and optical sintering allows for 

the fabrication of various patterned NW TCs at different scales. We demonstrate the fabrication of honeycomb–

structured NW patterns, which can be used as flexible TCs with an ultrahigh transmittance (98.2%, excluding the 

substrate), low sheet resistance (29.7 Ω sq−1), and excellent mechanical durability during 5000 bending cycles. The 

performance of the proposed flexible TC is much better than those of previously reported TCs using the state–of–

the–art NW or even NP patterning technologies. Apart from NW patterns with regular structures, patterns with 

arbitrary structures can also be self–assembled directly using the proposed technique. 

As a proof of concept, we demonstrate the potential application of the structured NW TCs with customized 

irregular patterns as flexible transparent heaters with adjustable localized heat sources. More importantly, AgNWs 

with different aspect ratios can be patterned into highly ordered structures for high–performance flexible TCs. 

Quantitative experiments and relevant simulations indicated that the proper surface energy contrast regulated by 

DSA strategy generates a periodically changed interfacial velocity field, which leads to the observed directed self–

assembly behavior. We believe that the proposed strategy is versatile and can enable the spontaneous patterning of 

diverse 1D materials into a wide range of composites with tailored topologies and functions, leading to the 
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development of novel high–performance soft electronics. 

 

5.2  Results and discussion 

5.2.1 Fabrication of self–assembled AgNW patterns by microflow velocity–field–induced alignment 

In this study, we extended the DSA strategy to spontaneously pattern TCs with aligned 1D NWs by using NWs 

as solute to introduce capillary force into the directed self–assembly system. An aqueous functional ink containing 

AgNWs was used to demonstrate the utility of the proposed strategy. First, using a cascade of photoirradiation and 

chemical polarization via PVUV exposure and alkali rinsing, we produced a DSA polymer film with activated high–

surface–energy (s
+) regions and low–surface–energy (s

−) regions (Figure 5.1(i) and (ii)). The AgNW functional 

ink was then spread across the DSA film via a simple slit coating. Unlike in the conventional self–assembly process, 

in which the liquid is trapped on the s
+ regions, the AgNW functional ink overlaid on the DSA film formed a cross–

border solution layer (Figure 5.1(iii)). Subsequently, the AgNWs dispersed in the functional ink migrated toward 

the s
− regions and exhibited directional stacking during room–temperature evaporation, generating a metal circuit 

with a spontaneously aligned AgNW network (Figure 5.1(iv)). Time–resolved OM observations of spontaneous 

AgNW alignment in the aqueous cross–border solution layer has been shown in Figure 5.2. After spreading the 

AgNW functional ink over the DSA substrate (Figure 5.2(i)) by commercial slit–coating process, the functional ink 

overcoated the surface entirely irrespective of the surface states of the DSA substrate (Figure 5.2(ii)). In the absence 

of any net external force, the dispersed AgNWs migrated toward the s
− regions and anchored on the sites in less 

than 2 s (Figure 5.2(iii)). Then, the dispersed AgNWs drifted with the subsequently generated microflow and 

stacked above the s
− regions repeatedly, resulting in a circuit with spontaneously aligned AgNW network after 

room–temperature evaporation (Figure 5.2(iv–vi)). Afterwards, the AgNW film was further dried by IPL irradiation 

(Figure 5.1(v)). Thus, we fabricated large–area conductive films via directed self–assembly of AgNWs, in this case, 

honeycomb–structured patterns. This technique offers unprecedented opportunities for scaling up the production of 

high–performance transparent optoelectronics (Figure 5.1(vi)). 

 

Figure 5.1. Schematics of the directed self–assembly process of 1D silver NWs (AgNWs), which involves the DSA 

substrate modification (i and ii) via a cascade of photochemical reactions using PVUV exposure and alkali rinsing, 
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(iii) deposition of the AgNW functional ink on the DSA substrate via slit coating, (iv) spontaneous alignment of the 

dispersed AgNWs, (v) drying, and (vi) digital image of a patterned AgNW transparent conductor (TC). 

 

 

Figure 5.2. Time–resolved optical microscopy (OM) observations of spontaneously AgNW alignment process in 

the aqueous cross–border solution layer. Scale bars: 200 μm. 

 

5.2.2 Mechanism of self–assembled AgNW patterns by microflow velocity–field–induced alignment 

Uneven surface energy creates periodic shear force variations,[94] which are beneficial for the in–plane stacking 

of 1D NWs. To understand this AgNW stacking behavior, we analyzed the dynamics of the flow inside the cross–

border solution layer over the DSA substrate using ANSYS Fluent 2021 R1 software package. The flow was 

considered laminar according to the calculated low Reynolds Number (≈3×103), as given in, 

𝑅𝑒 =
𝜌𝑢𝑥

𝑣
                             (Equation 5.1) 

where ρ is the density of the fluid, u is the flow speed, x is the local distance from the leading edge along with the 

flat plate as the characteristic length, and v is the dynamic viscosity of the fluid. The bulk temperature was 300 K, 

and the height of overlaid fluid layer was assumed to be 250 μm which is consistent with the spacing between the 

substrate and the coating bar. The flow contains the same fluid water so that we can focus on exploring the effect of 

solid surface energy toward the microflow velocity field manipulation. To simulate the internal microflow in the 

entire overlaid solution layer, the microstructural 2D geometry of laminar flow over a flat plate was developed and 

meshed as a structured grid with rectangle volume elements. The substrate was separated into two areas with high 

and low flow friction factors according to their different surface energies. The widths of s
+ regions and s

− regions 

were set to be1500 and 100 μm, respectively, which are the same as the practical patterns. And the flow was set to 

be a periodic, incompressible laminar water flow because of the low Reynolds number. Considering that the fluid 

flows over a periodically changed substrate, the translational periodic boundary condition was applied in this fluid 

domain with a mass flow rate of 0.5 g s–1 instead of using inlet and outlet conditions. To define the boundary at the 

liquid/solid interface, the entire solid surface overcoated by the solution layer was considered to be wettable, leading 
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to the Wenzel model. According to Wenzel state, a relationship exists between contact angle and surface roughness 

of the modified surface, 

cos 𝜃∗ = 𝑟′ cos 𝜃                        (Equation 5.2) 

where θ is the contact angle, θ* is the contact angle with the smooth surface, and r’ is the roughness coefficient 

specified by the ratio of the size of the overall surface to the surface projected geometrically onto a plane. This 

indicates that the large roughness can reduce the contact angle, and therefore increase the solid surface energy. We 

thus endowed the s
+ regions with high surface roughness and remained the smooth surface condition on the s

− 

regions to mimic the DSA surface state. In detail, the roughness height (Ks) in zero for the s
− surface and in 200 

μm for the s
+ surface, default roughness constant, and no–slip boundary conditions were applied. The Coupled 

algorithm was selected for ensuring pressure–velocity coupling. The implicit under–relaxation Pseudo transient was 

employed to stabilize the steady–state laminar flow. 

To initiate the calculation, we assumed that the velocity of the flow inlet was consistent with the slit–coating 

speed (10 cm s−1) because the driving force is much greater than the surface friction. The resultant velocity 

distribution revealed that the liquid flow decelerates at the liquid–solid interface with low surface energy and 

accelerates at the interface with high surface energy (Figure 5.3(i)). This difference can be attributed to the low 

shear force at the s
− regions and the high shear force at the s

+ regions.[136] Because of the variations in the velocity 

field, the flow compresses and then decompresses over the s
− regions, indicating that the DSA substrate drags the 

flow toward the s
− region and lifts the flow at the s

+ region (Figure 5.3(ii)). Consequently, the dispersed AgNWs 

selectively align on the s
− regions under the resultant force of the gravitational force and weakened velocity–field–

induced inertia force, and drift from the s
+ regions owing to the increased inertia force (Figure 5.3(iii)). Thus, the 

microflow velocity field at the liquid–solid interface, which is responsible for guiding the movement of the dispersed 

AgNWs, was effectively manipulated. 

 

Figure 5.3. Results of the simulations (i,ii) and schematic (iii) of the microflow velocity–field–induced alignment 

of AgNWs in the cross–border solution layer on the DSA substrate. In the simulation graphs, the lines with arrow 

heads represent the internal microflow path lines, while the thick lines represent the contour plots. 

 

To initiate the directed 1D NW self–assembly, the cross–border overlaying of the functional solution is a critical 
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prerequisite. Because the AgNWs effectively lower the surface tension of the liquid functional ink(l), the liquid 

domains coalesce with each other under capillary force,[137] leading to the formation of a cross–border solution layer 

irrespective of the surface states of the DSA substrate (Figure 5.4 a). In detail, we dispersed the different aspect 

ratios of AgNWs with the same width (50 nm) and the varied length ranging from 50 nm to 100 μm into the water, 

resulting in a series of the aqueous AgNW functional inks with a concentration of 20 wt.%. As shown in Figure 5.4 

b, the contact angle and the l decreased with the gradual increase of the AgNW length, revealing that l can be 

manipulated effectively by regulating the profiles of AgNWs. 

 

Figure 5.4. (a) Illustrations of the cross–border overlay of a AgNW solution on the DSA substrate. Effect of AgNW 

profiles toward the liquid surface tension (l) of the functional inks: (b) Temporal dependence of the characteristic 

θ profiles and (c) Temporal dependence of the characteristic l profiles. Error bars indicate standard deviations of 

the results for five independent samples. 

 

After the initial anchoring of AgNWs via the instantaneous flow field, the remaining dispersed AgNWs, which 

drift under Rayleigh–Bénard convection and Marangoni convection in opposite directions (Figure 5.5), continue to 

stack on the already anchored AgNWs at the s
− regions, resulting in the spontaneous formation of an AgNW circuit 

in a layer–by–layer manner. 

 

Figure 5.5. Subsequent selective AgNW stacking on the s
− region drifted in Rayleigh–Bénard convection (left) and 
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Marangoni convection (right) during room–temperature evaporation. 

 

The dynamics of the flow has been illustrated by particle image velocimetry (PIV), as shown in Figure 5.6. The 

PIV analysis was conducted using video images from the OM observation (Figure 5.2). Each image is correlated 

with its successor image, and the velocity contours for each time frame is constant. As soon as the AgNW functional 

ink spread over the DSA substrate, the dispersed AgNWs overlaid the entire substrate with no directional movement 

(Figure 5.6(i)). For the next two seconds, several slight displacements were found to gather around the s
− regions 

at a low velocity, leading to the spontaneous alignment of the dispersed AgNWs under the instantaneous flow field 

generated by slit–coating process (1st stacking, Figure 5.6(ii)). 

After a few more seconds, an internal flow was observed undergoing the rapidly directional movement from right 

to left, which is perpendicular to the coating direction (Figure 5.6 iii). The phenomenon might be related to the 

Rayleigh–Bénard convection during the room–temperature evaporation. Strikingly, the flow was observed to be 

decelerated over the s
− regions, indicating the layer–by–layer alignment behavior triggered by the DSA substrate 

(2nd stacking). 

One minute later, the internal flow changed in the reversed left–to–right direction with the same deceleration 

phenomenon over the s
− regions (3rd stacking, Figure 5.6(iv)). The opposite direction can be explained by the 

gradually strengthened Marangoni convection. One more thing to stress here is that the alignment ability of the DSA 

substrate still existed, which guarantees a reliable and precise layer–by–layer self–assembly property during the 

entire patterning process. The Marangoni convection continued to drift the AgNWs until the solution layer dried 

completely (Figure 5.6(v–vi)). 

The PIV results show that during the directed self–assembly of the dispersed AgNWs, the flow direction 

experienced a three–stage variation. Furthermore, the deceleration behaviors over the s
− regions can be observed 

in all three stages. These two observations not only exhibit the prominent layer–by–layer self–assembly property 

for fabricating the high–performance AgNW circuits but also imply the formation of cross–linked AgNW network, 

which will be detailed discussed in Section 5.2.4. 
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Figure 5.6. Velocity contours and vector plots for internal microflow visualization employing particle image 

velocimetry (PIV) in the cross–border overlaid AgNW solution layer on the DSA substrate. Scale bars: 200 μm. 

 

5.2.3 Manipulation of onside patterning of dispersed AgNWs 

The surface energy difference between the s
+ regions and the s

− regions on the DSA substrate is critical for 

manipulating the liquid−solid interfacial velocity field and precisely patterning the dispersed functional materials. 

According to the experimental conditions, a 3D simulation scenario was created to restore the internal microflow in 

the cross–border solution layer over the honeycomb–structured DSA substrate and emphatically explore the velocity 

field at the liquid–solid interface. As shown in Figure 5.7, the 3D simulation scenario was built with symmetric 

boundary conditions according to the dimension in the existing proposed system and meshed with hexahedral 

volume elements. The meshed geometry was exported to solve the viscous equations governing the balance of 

velocity, momentum, and transport of the internal microflow. 

 

Figure 5.7. Meshed geometry of the 3D simulation scenario. 

 

Instead of the translational periodic boundary condition, constant inlet mass flow with a velocity magnitude of 
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10 cm s–1 and constant outlet outflow were applied to simulate the actual flow state during the directed self–assembly 

process. Pressure–velocity terms were coupled using semi–implicit pressure linked equations (SIMPLE) algorithm. 

Gradient was discretized using the green–gauss cell based method. Convective terms in the momentum–

conservation equations were discretized using the second–order upwind scheme. For defining the boundary 

conditions at the liquid–solid interface, because of the relationship between Ks and s as Ks ∝ s, the ratio of the 

Ks on either surface region can be adjusted to imitate the numerical s difference on the DSA substrate. Hence, we 

assigned an increasing Ks from 25 to 250 μm to the hexagonal s
+ regions and gave a constant Ks of 25 μm to the s

− 

regions with no–slip shear conditions for constructing the surface energy difference in the simulations. 

 

Figure 5.8. Quantitative simulation of microflow velocity gradient at the interface of the water and the DSA 

substrate. The surface energy ratio of s
+/s

− is used to regulate the s difference on the DSA substrate. 

 

By regulating the surface energy difference, we studied the flow movement at the liquid–solid interface over the 

simulated DSA substrates and computed the area–weighted average velocity gradient on both s
+ and s

− regions to 

study the impact toward the alignment of the dispersed AgNWs (Figure 5.8 and 5.9). The quantitative simulations 

revealed that an onside–pattern film (OPF) with zero velocity gradient in the s
+ regions can only be achieved at an 
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appropriate surface energy ratio (s
+/s

−) of 3, indicating that the increased speed generated by the strong shear 

stresses at the s
+ regions can be efficiently offset by the low shear stresses at the s

− regions. An excessively small 

surface energy difference, which induces a negative velocity gradient at the s
+ regions, fails to generate sufficient 

shear stresses against the surface friction, leading to an overcoated film (OF) or a begin–to–pattern film (BPF). An 

excessively large surface energy difference with a positive velocity gradient, on the other hand, produces an excess 

shear force that flushes the liquid from the s
− regions, leading to a begin–to–overcoat film (BOF) or an OF. Taken 

together, these results elucidate that with the proper s contrast, the distribution of the interfacial velocity can be 

varied periodically with constant acceleration and deceleration corresponding to the designated s
+ and s

− regions 

on the DSA substrate. 

 

Figure 5.9. Calculated velocity gradient over the s
+ regions and the s

− regions as a function of the increased s
+/s

− 

ratio. 

 

According to the simulation results, we regulated the surface energy of the substrate via DSA strategy and 

overcoated it with a functional ink consisting of AgNWs with a diameter and length of 50 nm and 50 μm, to explore 

the onside–pattern self–assembly feature. In detail, The COP substrates were treated by the PVUV exposure with 

increasing exposure time and then rinsed with an alkaline solution to fabricate the DSA substrates with varied 

surface energy difference. The contact angle observations were used to intuitively reflect the s of the modified COP 

substrates (Figure 5.10). The pristine COP substrate exhibited a large contact angle (96.7 °), verifying the low s. 

The contact angle decreased gradually with prolonging the PVUV exposure, corresponding to the increase of the s. 

The rapid variation can be contributed by the surface oxidization, polarization, and surficial roughness enhancement 

by the proposed DSA strategy. 
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Figure 5.10. Corresponding contact angle measurement of the COP substrates with a 2.0 μL water droplet affected 

by the DSA strategy. 

 

At the same time, we used the dyne pen to detect the specific value of the solid surface energy on the modified 

substrate. As shown in Figure 5.11, the pristine COP substrate exhibited a low s of about 29.7 mJ m−2. With the 

increase of the PVUV exposure time, the s has been increased gradually, which is consistent with the contact angle 

characterization. The largest s, about 56.1 mJ m−2, was achieved by modifying the COP substrate with 1200 s 

PVUV exposure. Based on the upward trend, the higher s is expected to be obtained by further prolonging the 

PVUV exposure time for generating the stronger velocity–field–induced inertia force. 

 

Figure 5.11. Variation of the s as a function of the PVUV exposure time. Error bars indicate standard deviations of 

the results for five independent samples 

 

After overcoating the AgNW functional ink above the DSA substrate with gradually enlarged s difference, the 

morphologies of the self–assembled AgNW patterns have been observed systematically. As shown in Figure 5.12, 

the optimal surface energy for fabricating an AgNW OPF is 42.2 mJ m−2 at the s
+ regions when 150 s of PVUV 

exposure is performed and 29.7 mJ m−2 at the s
− regions, which can be attributed to the formation of the cyclically 
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changed interfacial velocity field. Furthermore, the excessively small s difference using the PVUV exposure less 

than 150 s cannot generate enough velocity–field–induced inertia force to precisely pattern the dispersed AgNWs 

onto the s
− regions. On the other hand, the excessively large s difference exerts too much driving force, which 

flushes the AgNWs away from the designated regions and leave the faint patterns. Overall, these experimental 

results indicate that the precision of the AgNW patterns can be obtained efficiently. 

 

Figure 5.12. Optical microscopy (OM) images showing the different states of the self–assembled AgNW circuits 

with increasing PVUV exposure time. 

 

Besides patterning the AgNWs with the diameter of 50 nm and the length of 50 μm, two other kinds of AgNWs 

with the same diameter but different lengths of 20 to 100 μm were used to explore the technical reliability and 

versatility of the proposed directed self–assembly system. The detailed information of the contact angle and the 

liquid surface tension of the AgNW functional inks affected by the dispersed AgNW length have been illustrated in 

Figure 5.13 a and b. 

In the case of 20–μm–length AgNWs as shown in Figure 5.13 c, the PVUV with an exposure time of 110 s left 

an inadequate acceleration at the activated regions, causing the AgNWs stacked at the rear of the s
− regions and 

thus forming a BPF. The long exposure time of PVUV (130 s) generated an excessive amount of shear force, which 

pushed the AgNWs out of the s
− regions and left a BOF film. Only with the 120 s PVUV exposure can achieve an 

OPF, indicating that the acceleration by the s
+ regions counteracted the deceleration by the s

− regions, and the 

dispersed AgNWs can be therefore aligned on the s
− regions precisely.  

 Furthermore, for longer AgNWs with a length of 100 μm, stronger shear stress is required to generate a more 

intensive velocity–field–induced inertia force for transporting the heavier functional materials. In detail, we have 

prolonged the PVUV exposure to 200 s for achieving an OPF (Figure 5.13 d). The PVUV exposure with shorter 

(190 s) and longer (210 s) left a BPF and BOF, respectively. This feature can be attributed to the shape effect of the 

dispersed AgNWs with greater weight and larger surface area, which is expected to be further clarified in follow–

up studies. Together these results suggest that the proposed directed self–assembly strategy is promising for 

controllably patterning a variety of 1D functional micro–/nanomaterials by simply regulating the s contrast of the 

utilized substrate. 
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Figure 5.13. (a and b) Temporal dependence of the characteristic θ and l and the corresponding measurement using 

a 5.0 μL droplet of AgNW functional ink with different AgNW length. Error bars indicate standard deviations of the 

results for five independent samples. (c and d) Digital (upper left), SEM (lower left), and OM images of the self–

assembled AgNW patterns with different AgNW length. 

 

It is worth mentioning that the concentration of the functional ink has little effect on the directed self–assembly 

behavior in the proposed system. In detail, we chose the AgNWs with 50 nm in diameter and 50 μm in length, and 

dispersed the different amounts of the AgNWs into the water to prepare the AgNW functional inks with different 

concentrations of 5 and 20 wt. %, respectively. Next, the formulated inks were overcoated onto the DSA substrates 

after 150 s PVUV exposure. After room–temperature evaporation, the AgNWs in both cases were observed to be 
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aligned on the s
− regions selectively, resulting in the self–assembled OPFs (Figure 5.14 a and b). Just the patterned 

AgNW network formed by the 5 wt.% functional ink was loosely aligned, while that using 20 wt.% functional ink 

exhibited a dense alignment. These observations suggest that the on–side patterning behavior is mainly determined 

by the velocity–field–induced inertia force. 

On the other hand, the functional inks with the silver nanoparticle (AgNP) solutes (Figure 5.14 c) and the alcohol 

solvent (Figure 5.14 b) all failed in forming continuous functional patterns and left the isolated aggregations of the 

functional materials on the s
+ regions after evaporation. These can be attributed to the lack of capillary force in the 

water–based AgNP ink, as well as the low liquid surface tension in the alcohol–based AgNW ink–. Further studies 

are needed to confirm the critical factor for controlling the solute movement in a continuously changing microflow 

field. In detail, the effect of functional solvent and solute species such as CNTs or AuNWs dispersed in alcohol or 

isopropanol (IPA) toward the spontaneous patterning behavior in the microflow field are planned to be discussed. 

Moreover, we are also looking for an optimized microscopically observation technique, which can provide high–

resolution viewing angles toward the liquid–solid interface without producing heat. 

 

Figure 5.14. OM observations of the self–assembled patterns on the DSA substrates using different functional inks, 

(a) 5 wt.% water–based AgNW ink, (b) 20 wt.% water–based AgNW ink, (c) 20 wt.% water–based silver 

nanoparticle (AgNP) ink, and (d) 20 wt.% alcohol–based AgNW ink. The DSA substrates were all modified with 

150 s PVUV exposure and 30 s alkali rinsing. The diameter and length of the AgNWs are 50 nm and 50 μm. The 

particle size of the AgNP is from 10 to 30 nm. 

 

5.2.4 Layer–by–layer alignment of directly self–assembled AgNW network 

The topography of the AgNW network during its three–stage alignment process was systematically studied by in 

situ OM observation and the corresponding orientation analysis. When the AgNW functional ink was overlaid on 

the DSA substrate, the dispersed AgNWs aligned themselves on the s
− region, in a direction parallel to the coating 
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direction under the instantaneous flow field (Figure 5.15 a(1st)). As the room–temperature evaporation of the cross–

border solution layer proceeded, buoyancy–induced flow occurred in the self–assembly system,[48] triggering a 

clockwise Rayleigh–Bénard convection that aid the alignment of the AgNWs on the s
− region (direction describing 

the flow field in the central–right half of the liquid layer, Figure 5.15 a(2nd)). Because the volume of the cross–

border solution layer was diminished as the liquid evaporated, the buoyancy–induced flow weakened and a 

counterclockwise Marangoni convection caused by the surface tension difference dominated the microflow field,[138] 

inducing the alignment of the AgNWs on the s
− region in a direction opposite that induced by the Rayleigh–Bénard 

convection, and thus generating a unique cross–linked network structure (Figure 5.15 a(3rd)). 

 

Figure 5.15. Investigation of the layer–by–layer NW alignment in the directed self–assembly of AgNW networks. 

(a) Time–resolved spontaneous patterning of the dispersed AgNWs on a DSA substrate. The DSA substrate trapped 

the dispersed AgNWs three times according to the three–stage redirected flowing, generating a cross–linked AgNW 

network. Scale bars: 50 μm. b) Color–coded OMs (left) and plots of the azimuthal angle (φ) of the self–assembled 

AgNWs (right) during different NW alignment stages. 

 

The oriented alignment of AgNWs was further quantitatively studied based on the angular distribution using 

color–coded images. The initially anchored AgNWs had an alignment parallel to the coating direction (Figure 5.15 

b(1st)). The corresponding azimuthal angle (φ) plot shows two peaks at 90° and −90°, indicating that the AgNWs 

were concurrently drifted by the instantaneous flow over the DSA substrate. The subsequently stacked AgNWs, 

driven by the Rayleigh–Bénard convection and Marangoni convection, had a perpendicular alignment, and a 

gradually shifted φ plot was obtained with three peaks at −90°, 0°, and 90° (Figure 5.15(2nd) and (3rd)). Therefore, 

we could know that the dispersed AgNWs were aligned onto the s
− regions repeatedly, leading to a cross–linked 

AgNW network. The schematics for the layer–by–layer alignment have been further illustrated in Figure 5.16. 
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Figure 5.16. Schematics of the three–stage alignment during the directed self–assembly process. Inset: SEM image 

of the cross–linked AgNW network. 

 

In addition, we studied the situations when the direction of the s
− region was not consistent with the coating 

direction and when the s
− region was located on the periphery of the circuit. The corresponding topographies and 

φ plots indicated a highly ordered cross–linked structure in all the self–assembled circuits (Figure 5.17). These 

observations reveal that the proposed directed self–assembly strategy can facilitate layer–by–layer stacking and 

precise cross–linked fixation of the dispersed functional nanomaterials, which are pivotal for manufacturing self–

assembled electronic circuits with high electrical conductivity and high resolution. 

 

Figure 5.17. Schematics (i), OM images (ii) and color–coded OM images (iii) of the self–assembled AgNW circuits 

in the circumstances of a) the direction of the s
− region was not consistent with the coating direction and b) the s

− 

region was located on the periphery of the circuit. c) Comparison of the related azimuthal angle (φ) of the self–

assembled AgNWs. 

 

5.2.5 Performance characterizations of patterned AgNW TCs 

High–performance flexible TCs were therefore fabricated via the directed self–assembly of AgNW patterns. IPL 

irradiation was used to evaporate the residual moisture and thus compact the quasi–3D–stacked AgNWs by 

exploiting the selective heating ability stemming from the strong light absorption by AgNWs.[139–140] The use of 
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AgNWs with a diameter and length of 50 nm and 50 μm, respectively, and a honeycomb–patterned photomask with 

92% open area ratio enabled the directed self–assembly of a honeycomb–structured closed circuit with well–defined 

boundaries. Strikingly, the use of IPL irradiation significantly improved the electrical performance without affecting 

the optical properties. By optimizing the optical energy of the IPL irradiation, we achieved high-performance AgNW 

TCs with a low sheet resistance (29.7 Ω sq−1) and ultrahigh transmittance (98.2% at 550 nm wavelength) (Figure 

5.18 a and b). 

 

Figure 5.18. Characterization of the patterned AgNW TCs: (a) Electrical performance, as represented by sheet 

resistance vs. the optical energy under IPL irradiation. Optical properties represented by the transmittance (b) and 

haze factor (c) as functions of the IPL energy. Inset: values at the wavelength of 550 nm. Error bars indicate standard 

deviations of the results for six independent samples. 

 

To elucidate the underlying mechanism, we investigated the stacking of the cross–linked AgNW network by 

quantifying the haze and observing the microscale morphology. As shown in Figure 5.18 c, the haze factor, defined 

as the light scattered by a TC divided by the total light transmittance,[141] gradually decreased at first and then 

increased with increasing optical energy. When optical energy of 0.8 J cm−2 was applied, the AgNW TCs exhibited 

the lowest haze factor of 2.8%, which corresponds to the best electrical performance, implying that the AgNW 

arrangement might have changed. 

We further inspected the junctions of the patterned AgNW network through inclined SEM observations. Distinct 

morphological changes toward a more compact network arrangement and fused AgNW junctions confirmed the 

decreased contact resistance of the AgNW network (Figure 5.19(i–iii)), A further increase in the optical energy 

beyond 0.8 J cm−2 led to microfractures and cracks in the NWs, which adversely affect the electrical and optical 

performances (Figure 5.19(iv–vi)). At the same time, the AgNW network was partially embedded in the polymer 

substrate owing to the IPL–generated local heat,[142] which could facilitate the mechanical stability. 
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Figure 5.19. Tilted view SEM images of the self–assembled AgNW network after IPL irradiation using different 

optical energy. 

 

To evaluate the mechanical durability of the self–assembled AgNW TCs, we recorded their resistance variation 

in real–time under cyclic bending (Figure 5.20). We tested the TC by bending the specimen at a speed of 10 r min−1 

on a motorized stage while both sides of the sample were fixed on tilt clamps (the inset of Figure 5.20); this resulted 

in a radius of concave curvature of 7.5 mm at the maximum bending deformation. The relative resistance (R/R0) of 

the as–obtained AgNW TC increased substantially to 9.0 because of the high contact resistance in the AgNW 

network. Strikingly, a highly reliable R/R0, less than 0.5 after 5000 bending cycles, was achieved with the sample 

after IPL irradiation with 0.8 J cm−2 energy, confirming enhanced interconnection of the NW network and 

mechanical anchoring of the nanocomposite on the substrate.[143] A further increase in the optical energy caused a 

rapid variation of R/R0 to greater than 5.0 because of structural fractures. Based on these results, we concluded that 

the TCs composed of 1D AgNWs with extraordinary optical, electrical, and mechanical properties can be readily 

obtained using the proposed directed self–assembly strategy. 
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Figure 5.20. Changes in the relative resistance of a self–assembled AgNW TC during cyclic bending (Inset: digital 

photograph of the sample set–up). 

 

Using the proposed strategy, we also fabricated AgNW TCs with honeycomb structures having different aspect 

ratios because this material property allows facile control over the optical performance, which is important in the 

design of optoelectronics.[144] Using photomasks with open area ratios ranging from 89.1 to 96.2%, the haze factors 

of the self–assembled AgNW patterns were effectively varied (Figure 5.21 a). This would enable extensive 

applications of the AgNW TCs either in solar cells and sensors, which require high haze,[145–146] or in displays and 

transparent heaters, which require low haze.[147–148] Meanwhile, these self–assembled AgNW TCs exhibited 

outstanding transmittance and conductivity compared with those of the TCs fabricated using the state–of–the–art 

NW or even NP patterning technologies (Figure 5.21 b and Table 5.1).[63, 66, 123, 150–156] 

 

Figure 5.21. (a) Haze factor variation for honeycomb–structured AgNW TCs with open area ratios ranging from 
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89.1 to 96.2%. Error bars indicate standard deviations of the results for six independent samples. (b) Comparison 

of the electrical and optical properties of the proposed self–assembled AgNW patterns with those of some NW and 

NP patterns obtained by the state–of–the–art functional nanomaterial patterning technologies. (c) OM observations 

of different honeycomb–structured AgNW TCs. 

 

Table 5.1. Comparison of patterned materials, transmittance, conductivity, process, and practical applications 

between those of some state–of–the–art patterned TCs using additively manufacturing technologies and this work. 

Patterned 

material 

Transmittance  

at 550 nm (%) 

Conductivity 

(Ω·sq–1) 

Process Practical applications Ref. 

NiNP mesh 85–87 0.2–0.5 Selective 

electrodeposition 

Perovskite solar  

cells 

[123] 

AuNP grid 86 1.1×104 

(S·cm–1) 

Crack–controlled 

evaporation 

Stretchable circuit  

board 

[149] 

AgNP mesh 88.2–78.2 192.4–18.8 Ice–templated 

assembly 

/ [150] 

AgNP mesh 85.79 0.75 3D printing and 

hot–embossing 

Transparent heater [151] 

AgNP mesh 93.2 17 Reverse–offset 

printing 

Organic photovoltaics [152] 

AgNP mesh 87.5–97.9 0.1–0.4 3D printing and  

micro transfer 

Transparent glass  

heater 

[153] 

AgNW 

mesh 

>80 3.2 Elastomer–templated 

dip–coating 

Flexible touch  

screen panel 

[154] 

AgNW 

mesh 

~80 8 Leaf skeleton 

templated dip–coating 

Thermotherapy patch [66] 

AgNW 

mesh 

>85 1.0 Elastomer–templated 

dropping–coating 

Stretchable heater [155] 

AgNW 

pattern 

91.0 20 Ice–templated 

assembly 

Touch screen & 

skin sensor 

[63] 

AgNW 

mesh 

74.2–97.4 7.5–80.3 laser nanowelding and 

soft–etching 

electromagnetic 

interference shield 

[156] 

AgNW 

pattern 

98.2 29.7 Directed self–

assembly 

Patterned transparent 

heater  

This 

work 

 

5.2.6 Directed self–assembly of arbitrarily high–accuracy AgNW TCs 

Conductors with arbitrarily designed patterns, which are highly desired in practical electronic devices, are 

challenging to fabricate in a straightforward manner. By simply modifying the shape of the s
+ region using the DSA 

strategy, we enabled the spontaneous patterning of the AgNWs into various structures ranging from regular 
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honeycomb–structured meshes to freeform circuits, only by functional ink overcoating and room–temperature 

evaporating (Figure 5.22). 

 

Figure 5.22. Schematic of the fabrication of AgNW TCs with arbitrary electrode designs. 

 

Using the design of customized icons, we spontaneously obtained AgNW TCs with specific patterns. As shown 

in Figure 5.23, delicate AgNW patterns with arbitrary shapes, including irregular curves, straight lines, closed loops, 

and dots, could be formed on DSA substrates with well–defined boundaries and clear edges. Neither AgNW 

agglomeration on the s
− regions nor residual AgNWs on the s

+ regions was observed, indicating high–definition 

patterning of the AgNWs. 

 

Figure 5.23. Optical images of some high–accuracy arbitrary AgNW patterns. 

 

5.2.7 Application of patterned AgNW TCs as flexible transparent heaters 

Here, we demonstrate a flexible transparent heater with adjustable localized heat sources relying on the resistance 

heat produced by the patterned AgNW circuits. According to Joule’s first law (P = Va
2·R−1), the steady–state 

temperature increased stably only at the AgNW–patterned areas as the applied voltage (Va) increased, whereas the 

s
+ regions on the DSA substrate were maintained at low temperature (Figure 5.24 a). The homogeneously generated 

local Joule heat shown in Figure 5.24 b confirms that the proposed patterning technology can facilitate the 

directional alignment of AgNWs precisely and uniformly with less shape or scale limitations. We observed the 

temperature rise in the isolated region of the right icon, which can be attributed to a few scattered AgNWs on the 
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s
+ regions of the DSA substrate. This behavior is expected to be optimized by further increasing the pattern 

resolution, which we would like to further explore in future. 

 

Figure 5.24. (a) Digital photographs and infrared thermal images of patterned AgNW TCs with customized icons 

at an applied voltage (Va) of 2 V. (b) Joule heating performance of flexible transparent heaters. 

 

Furthermore, the applicable temperature range of the patterned AgNW transparent heater was up to 105.9 °C, and 

the maximum temperature can reach 120 °C. As shown in Figure 5.25 a, the temperature rising characteristics by 

resistance heating could be divided into two periods: temperature rising slow uniformly (Va: 0 to 5 V) and 

temperature rising fast rapidly (Va: 5 to 6 V), which are corresponding to the established applicable temperature 

range and the maximum temperature. In the first period, a sustained temperature rising to around 100 °C and a line 

relation between Va and current have been observed, revealing the stable electrical resistance of the patterned AgNW 

transparent heater (Figure 5.25 b). In the second period, the voltage–dependent temperature increased rapidly at 

first and then decreased sharply. In the meanwhile, the resistance of the AgNW network was observed to increased 

continuously. This can be explained by the low glass transition temperature (100 °C) of the COP substrate. The 

excessively high temperature aroused the plastic deformation of the polymer substrate, which caused the fracture in 

the AgNW network, overheating, and rapid failure of the patterned transparent heater. These observations not only 

exhibit the rapid thermal responses of the fabricated transparent heaters, but also suggest that the directed AgNW 

self–assembly strategy is a promising technology for the rapid fabrication of soft electronics with additive 

manufacturing processability, highly programmable transmittance, and reliable mechanical durability. 
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Figure 5.25. Joule heating performance of patterned flexible transparent heaters fabricated from the freeform 

AgNW TCs. (a) Thermal responses of the transparent heaters at gradually increased Va. (b) Va–current relationship 

of the transparent heaters. The heating rate was controlled by increasing the Va at 0.5 V per minute. 

 

5.3  Conclusion 

We presented a spontaneous AgNW patterning strategy based on microflow velocity–field–induced alignment at 

the interface between a functional ink and DSA substrate, and demonstrated that 1D AgNWs can be directly 

assembled in a layer–by–layer fashion to obtain a cross–linked AgNW network with an arbitrary circuit design using 

this strategy. With appropriate manipulation of the surface energy of the substrate, the AgNWs dispersed in the 

aqueous ink were patterned on designated areas precisely and repeatedly, resulting in the flexible AgNW TCs with 

unprecedentedly high transmittance (98.2%, excluding the substrate), low sheet resistance (29.7 Ω sq−1), and reliable 

mechanical durability. Quantitative analyses indicated that the periodic alignment of NWs was achieved through 

controllable manipulation of the internal microflow field at the liquid–solid interface owing to the DSA modification. 

The proposed strategy could be readily extended to align high–performance soft electrodes as customized and 

freeform circuits, and thus realize the facile prototyping of additively manufactured electronics. We foresee further 

development of the directed self–assembly technology via microflow velocity–field–gradient manipulation, leading 

the manufacturing of the highly desired in–plane or advanced 3D soft electronics using diversified functional micro–

/nanomaterials. 
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Chapter 6 

Summary and prospect 

Liquid–mediated directed self–assembly driven by a difference in the solid surface states, as a novel additive 

manufacturing process, reveals incomparable process simplicity and low demand for equipment in soft electronic 

manufacturing. However, thus far, the practical application of self–assembled electronics is suffering from a lack of 

competitive performance. In this thesis, a fundamental DSA strategy and two sets of directed self–assembly systems 

have been demonstrated to pattern high–performance soft electrodes with substantial increases of application 

prospect, which triggered by the liquid–solid interfacial engineering with controllable surficial modifications. 

 

In Chapter 1, the emergence, development, challenges, and opportunities of soft electronics have been briefly 

described. The different manufacturing technologies of micro–/nanoelectronics, including conventional 

photolithography, printing, and self–assembly, have been reviewed with the detailed processes, performance 

advantages, application range, and technical limits. It has shown that self–assembly technology exhibits tremendous 

potential to fulfill the manufacturing requirements from next–generation soft electronics; however, it still faces the 

challenges of low resolution and coffee ring effect. Therefore, the purpose of this study is to develop high–

performance and versatile directed self–assembly strategy for addressing the current issues and introducing this 

technology into the future development of the soft electronic industry. 

 

In Chapter 2, the experimental methods applied in this thesis have been summarized. In detail, the fabrication 

processes, including the DSA strategy for highly efficient solid surface energy regulation and the following 

electronic manufacturing based on the proposed DSA strategy, have been introduced. At the same time, the 

employed instruments and characterization tools for constructing the DSA substrates and evaluating the DSA–

strategy–based self–assembled electronics have been listed. The information gives readers a general understanding 

of the DSA strategy and its potential functionality, which have been comprehensively discussed in Chapters 3, 4, 

and 5. 

 

In Chapter 3, the present technology creates the DSA substrates with precisely high–s and strong–FA designated 

regions via selective photo–oxidation by PVUV exposure and chemical polarization through alkali rinsing to 

strengthen the directed self–assembly property. The surface states of the modified regions have been clarified 

through the macroscopical characterizations using contact angle and sliding angle, the microscopical 

characterizations using XPS, FT–IR, and AFM, and the interfacial interaction analysis based on extended Fowkes 

model, revealing a significant enhancement of the directed self–assembly property on the modified regions with 

stronger shear stresses. 

Water, as one of the most commonly used solvents in functional ink preparation, has been utilized to demonstrate 

the directed self–assembly property. By sliding the water droplet over the DSA substrate, an obvious 

wetting/dewetting and distinct pinning toward the water droplet have been observed on the modified regions, which 
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indicates that the DSA strategy provides a fundamental solution for controlling the liquid residence on the flexible 

substrate. Therefore, after adding functional solutes into the water, the aqueous functional ink can also be adsorbed 

onto the designated regions above the DSA substrate, leaving the self–assembled functional micro–/nanostructures 

after evaporation. It is worth mentioning that the spontaneous patterning behavior can be affected by the solute, 

including its gravity, surface condition, shape, and the used surfactant or ligand. During applying the DSA strategy 

practically, we need to pay extra attention toward the flowing behavior of the specific functional ink to ensure the 

optimal patterning performance. 

On the other hand, because polymer materials with high–repellency surfaces are commercially available in great 

diversity, one can transform different kinds of these solids into the DSA substrates without the need to access 

cumbersome and expensive subtractive fabrication procedures. We anticipate that the DSA strategy will be further 

developed to be introduced into other existing liquid–mediated patterning technologies for facilitating performance 

in a cost–efficient way and thus satisfying emerging criteria in soft electronic manufacturing. 

 

In Chapter 4, the present DSA strategy allows the spontaneous patterning of AuNP circuits with the extreme 

functionalities: high–resolution self–assembled circuits with unprecedented 600 nm in electrode width, high–

definition forming for multiform circuits, suppressed coffee–ring effect, stable electrical properties of 14.1 ± 0.6 

µΩ·cm, and long–term reliability. Particularly, the current resolution of the self–assembly technology is limited by 

that of the contact photomask, which directly determines the self–assembled areas and structures. Considering the 

wavelength of the developed PVUV incident light is around 150–200 nm, we envision that the potential resolution 

by DSA–triggered directed self–assembly could be further optimized to drop below 500 nm as long as the resolution 

issue of contact photomask preparation solves. 

Furthermore, the self–assembled AuNP patterns have been used as high–resolution S/D and G electrodes for the 

integration of additively manufactured OTFTs with 1–µm–wide short channels; these OTFTs exhibited a large on–

off ratio of 106 and a high field–effect mobility of 0.5 cm2·V−1·s−1. The resistivity of the pattern AuNP electrodes 

increases with the decrease of electrode linewidth due to the decreased density of the charge transports. In 

consequence, the resistivity deterioration affects the electrical performances of the OTFTs, in which both on–off 

ratio and field–effect mobility have been decreased on the OTFTs with the electrode linewidth of 1 µm. The 

observation suggests that during prototyping and designing soft electronics using liquid–mediated patterning 

technologies, we need not only to pay attention to triggering efficient stacking of the dispersed functional micro–

/nanomaterials onto the designated positions, but also consider the size effect and the structure 

deformation/shrinkage toward the self-assembled patterns during solvent evaporation. 

 

In Chapter 5, derived from the DSA strategy, the present technology enables the directed self–assembly of 

freeform TCs by spontaneous aligning of 1D NWs. Through overcoating AgNW functional ink on the DSA substrate 

to introduce the capillary force into the system, a periodically changed internal microflow field can be generated at 

the liquid/solid interface. Experimental observations and quantitative analyses indicate that the DSA–modified 

regions accelerate the internal flow owing to its strong shear stress and the pristine unmodified regions decelerate 

the internal flow due to its low shear stress, leading to the selective alignment of the dispersed AgNWs with high 
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controllability. Furthermore, the dispersed AgNWs can be aligned onto the designated regions precisely in a layer–

by–layer manner through the changeable evaporative convections, resulting in a cross–linked network structure. 

With appropriate manipulation of solid surface energy on the DSA substrate, the self–assembled AgNW TCs can 

be facilely patterned with unprecedentedly high transmittance (98.2 %, excluding the substrate), low sheet resistance 

(29.7 Ω·sq−1) and reliable mechanical property. In parallel, the proposed self–assembly technology has been readily 

extended to align the arbitrary circuits with the high–accuracy fixation of the dispersed functional materials and 

thus promote the development of customized soft electronics. Therefore, the self–assembled functional circuits, 

using different 1D materials such as CNTs and DNAs, are planned to be explored for improving the versatility of 

directed self–assembly technology toward the development of highly biocompatible and durable soft electronics. 

Because we focus on developing the novel directed self–assembly technology instead of the AgNW–based 

electronics, the stability issue of the AgNW TCs has not been discussed herein. Considering the AgNWs suffer from 

atmospheric corrosion by oxidization and sulfurization, we suggest the utilization of post–treatments, such as 

overcoating the protective layer around the patterned AgNW network, to ensure the long–term reliability. 

On the other hand, the proposed liquid–mediated self–assembly approaches advance other present additively 

manufactured technologies or conventional lithography technologies further by the tailorable movement 

manipulation of the functional micro–/nanomaterials directly with a high degree of freedom on the liquid–covered  

surface. This merit inspires the following study to bring the cost–effective and scalable liquid–mediated direct self–

assembly technology from 2D surface into 3D space. Thus, it could satisfy all the requirements in both prototyping 

and manufacturing of spatial soft electronics dealing with the next–generation industrial revolution, including highly 

customized electrification kits as well as cognitive cyber-physical systems. 
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