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Abstract 

 

In this thesis, we report novel multiscale deposition methods for fabricating 

functional surfaces. The processes using polymer and aerosol process have 

various advantages such as fast, cost-effective, easy material preparation and 

atmospheric environment process. We fabricated functional surfaces which have 

selective wettability, controllable wettability and energy conversion properties 

using those advantages.  

First, we present that a thin layer of polydimethyl siloxane (PDMS) in the 

nano-thickness(< 100 nm) can be generated multiple times (> 10) by utilizing 

irreversible bonding with oxygen plasma treatment and controlled interfacial 

fracture. The clean cleavage is attributed to the built-in stress at the fracture 

interface during the plasma treatment, resulting in the repetitive formation of a 

smooth membrane of ~5 nm roughness from the bulk PDMS. And then, we 

controlled height of transferred pattern via oxygen plasma treatment conditions 

and intrinsic characteristics of PDMS stamp. The method can be used to transfer 

various micro- and nanopatterns without a residual layer as well as to form 

nanogrooves of controlled dimension. Also, we achieved highly specific protein 

immobilization on the patterned surface of a solid substrate in a site-directed 

manner. 

Next, we investigated about magnetic responsive and superhydrophobic pillar 
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arrays via spray method. The magnetic pillars grow following magnetic field 

direction during spray process, represent enormous deflection under the magnetic 

force. From the fabrication result, we analyzed structure change and wetting 

characteristics of the pillars as strength of magnetic field and number of coating. 

Size of pillar was increased by repeated coating process and it makes the pillars 

become more hydrophobic. Furthermore, dual-roughness of pillars dramatically 

decreased the CA hysteresis of the pillar arrays. The large bending of the pillars 

generates geometrical potentials decrease the droplet ROAs on the structure. By 

the active property, we adjust sliding direction of the droplet by orientation of the 

magnet and we show active droplet manipulation and mixing result on the pillar 

structure via only structural modulation. Furthermore, formed ice particle under 

subzero temperature could be removed by motion of the magnetic pillar.  

Finally, we present fabrication process to make the components of the solid 

oxide fuel cell (SOFC) using Electrospray deposition (ESD) method which can 

deposit a uniform membrane through simple step and evaluated its performances. 

The components of the SOFC such as anode functional layer (AFL), electrolyte 

layer, cathode functional layer (CFL) and cathode layer could be fabricated by 

ESD method followed by annealing process. Especially, we could get dense 

membrane and porous structure using ESD process. During annealing process, the 

morphology of the membrane is determined by the amount of the binder. In the 

low concentration of the binding polymer, the porous membrane is fabricated but 
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in the high concentration, dense membrane morphology is attained. As a result, 

we could adjust the morphology of the ceramic membrane via ESD method and 

the concentration of polymer binder. Structure of cathode and electrolyte was 

optimized by controlling the amount of polymer binder, also their electrochemical 

characteristics were measured. The power density of the fabricated ESD-SOFC 

was 660 mW/cm2 power density at 650 °C.  

 

Key Words : Functional surfaces, Deposition process, Superhydrophobic 

surface, Magnetic composite, Active polymer structure, Solid 

oxide fuel cell, Electrospray deposition 
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Figure 4-2. Schematic illustration for ESD process 
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Figure 4-3. Planar (a)-(c) and Sectional (d)-(f) SEM images of the LSC 
cathode layer fabricated by ESD process under different 
weight ratio between LSC and PVP to solvent : (a) and (d) 10 : 
5 (b) and (e) 10 : 10 (c) and (f) 10 : 20. Scale bars represent 2 
μm in (a)-(c) and 1 um in (d)-(f). 
 

Figure 4-4. Electrochemical performances of LSC fabricated by ESD 
process with different PVP amount at 650 ˚C. (a) LSC : PVP = 
10 : 5 (b) LSC : PVP = 10 : 10 (c) LSC : PVP = 10 : 20. 
 

Figure 4-5. Impedance spectra results of LSC fabricated by ESD process 
with different PVP amount. All the impedance spectra was 
measured at OCV condition and 650 ˚C (a) LSC : PVP = 10 : 5 
(b) LSC : PVP = 10 : 10 (c) LSC : PVP = 10 : 20. 

  
Figure 4-6. SEM images of deposited LSC by ESD process with different 

solvent conditions (a) Ethanol : DI water = 7 : 3 (b) Only 
ethanol. 
 

Figure 4-7. Electrochemical performances of LSC fabricated by ESD 
process. (a) Ethanol : DI water = 7 : 3 (b) Only ethanol. 
 

Figure 4-8. Impedance spectra of LSC fabricated by ESD process at 650 
˚C. (a) Ethanol : DI water = 7 : 3 (b) Only ethanol. 
 

Figure 4-9. SEM images of YSZ layer deposited with different YSZ/PVB 
ratio: (a) 7 wt%/ 2 wt% (b) 4 wt% / 2 wt% (c) 2 wt%/2 wt%, 
scale bars represent 2 µm. 
 

Figure 4-10. 
 
 
Figure 4-11. 
 
 
Figure 4-12. 

Cross-sectional SEM images of ESD cell. (a) 4 µm and (b) 2 
um thickness of YSZ. Scale bars represent 2 µm. 
 
Electrochemical performances of cells fabricated by ESD 
process. 2 µm (a) and 4 µm (b) thickness of YSZ. 
 
Impedance spectra results of the ESD cells fabricated by ESD 
process. 2 µm (a) and 4 µm (b) thickness of YSZ. 
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Nomenclature 

                          

aR  Average roughness 
r  Density 

C  Heat capacity 

k  Thermal conductivity 

cq  Theoretical static contact angle 

wq  Equilibrium contact angle 
j  time index (1 j m£ £ ) 

f Area fraction of the solid surface 

lvg  Surface energy of liquid 

rq  Receding contact angle 

aq  Advancing contact angle 

WR  Area specific ohmic resistance 

pR  Area specific polarization resistance 
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Chapter 1. Introduction 
 

 

During the last several decades, many kinds of surfaces which have specific 

functions such as dry adhesive, self-cleaning, and energy conversion have been 

found from nature.[1-3] Those structures have been adapted and optimized to the 

environment over the centuries by maximizing their functions. Inspired from 

those structures, many researches to fabricate such functional surfaces have been 

conducted. Accordingly, micro/nano-scale fabrication technology for 

manufacturing functional surfaces and its applications have been under the 

remarkable development. Especially, surface deposition methods such as dip 

coating, spin coating, sputter, CVD, PVD and ALD are widely used to make 

functional surfaces and further modify surface properties.[2-7] Through the 

deposition methods, not only the chemical properties but mechanical 

characteristics can be changed. 

One of the most commonly used functional surface is hydrophobic structures. 

Main ways for making hydrophobic surfaces are coating another material with 

low surface energy and fabricating micro/nano-scale roughness. Various materials 

have been used as low surface energy materials, polytetrafluoroethylene (PTFE), 

polypropylene (PP), octafluorocyclobutane (C4F8), carbon nanotube (CNT) and 

also the thin film and patterns of those materials can be deposited via spin 



 2

coating,[8] RF plasma,[9] CVD,[10] and PLD.[11]  

Meanwhile, the deposition methods are substantially important for the energy 

devices. Above all, at the ceramic particle based fuel cell, various deposition 

methods based on powder process and the vacuum process have been developed 

to fabricate dense electrolyte and porous cathode structures.[11-15] Since the 

interface and micro structures of the surfaces which have relations with resistance 

and reaction site are influenced by fabrication methods, uniform and facile 

processes are required for high-performance fuel cell.  

With the development of new technology, interests in the fabrication of more 

complex and improved functional surfaces have increased. But listed conventional 

methods have some difficulties in making structural functional surfaces. For 

example, the chemical coating can be used to modify properties of surfaces but it 

is hard to make complex structures. Meanwhile, deposition methods based on the 

semiconductor process need particular conditions such as vaccum, gas condition 

and high temperature. As well, slow process speed and preparation of target 

material can be disadvantages of the conventional deposition processes. 

Accordingly, demands for a novel deposition method to address the limitation of 

the conventional methods have been raised.  

In the thesis, we suggest novel deposition processes to fabricate and control 

multiscale functional structures. Elastic polymers poly an important role as 

transferred patters, composite bodies and binders of ceramic particles in each 
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fabrication process: polydimethyl siloxane(PDMS) can be transferred as thin film 

or support magnetic composite pillar. Additionally, polyvinyl butyral(PVB) and 

polyvinyl pyrrolidone(PVP) assist adhesion and mass transportation of the  

ceramic particles after the deposition process. Those methods can fabricate 

micro/nano structures with many advantages, for example, mold-free and fast 

fabrication as well as uniform patterning. The results show that the patterns can be 

used to wettability control and energy conversion at the surfaces. 

 

In chapter 2, we report that a thin layer of polydimethyl siloxane (PDMS) in 

the thickness range of 66 to 78 nm can be generated multiple times (> 10) by 

utilizing irreversible bonding with oxygen plasma treatment and controlled 

interfacial fracture. The clean cleavage is attributed to the built-in stress at the 

fracture interface during the plasma treatment, resulting in the repetitive formation 

of a smooth membrane of ~5 nm roughness from the bulk PDMS. And then, we 

control the height of transferred patterns via oxygen plasma treatment conditions 

and intrinsic characteristics of PDMS stamp. The method can be used to transfer 

various micro- and nanopatterns without a residual layer as well as to form 

nanogrooves of controlled dimension. Also, we achieved highly specific protein 

immobilization on the patterned surface of a solid substrate in a site-directed 

manner. 

In chapter 3, we investigate the magnetic responsive and superhydrophobic 
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pillar array via the spray method. The magnetic pillars grow in the magnetic field 

direction during the spray process, and represent enormous deflection under the 

magnetic force. We analyzed structure changes and wetting characteristics of the 

pillars as varying the strength of magnetic field and the number of coatings. The 

size of pillars increases with repeated coating process, which make the pillars 

more hydrophobic. Furthermore, dual-roughness of pillars dramatically decreases 

its CA hysteresis. The large bending of the pillars generates geometrical potentials, 

decreasing the droplet ROAs on the structures. Using the active property of 

magnetic pillar, we adjust the sliding direction of the droplet by the orientation of 

the magnet and, additionally, we show active droplet manipulation and mixing 

result on the pillar structure via only structural modulation.  

 

In chapter 4, we present a fabrication process to make the components of the 

solid oxide fuel cell (SOFC) using the electrospray deposition (ESD) method 

which can deposit a uniform membrane through simple steps and further evaluate 

its performances. The components of the SOFC such as anode functional layer 

(AFL), electrolyte layer, cathode functional layer (CFL) and cathode layer could 

be fabricated by the ESD method followed by the annealing process. Especially, 

we could get dense membrane from deposited ceramic powder connected with 

binding polymer. During the annealing process, the morphology of the membrane 

is determined by the amount of the binder. Under the low concentration of the 
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binding polymer, the porous membrane is fabricated, but under the high 

concentration, dense membrane morphology is attained. As a result, we could 

adjust the morphology of the ceramic membrane via the ESD method and 

optimize the structure of SOFC components. Using the ESD process, we fabricate 

two cases of the SOCF: 1.ESD cathode combined conventional process case and 

2.ESD cathode/electrolyte deposited on the anode substrate. Also their 

electrochemical performances are measured.   
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Chapter 2. Nano-Thickness Membrane Deposition via 

Controlled Polymer Interface Fracture 
 

 

2-1. Introduction 

 

Elastic and deformable materials are used widely in applications including 

micro/nano fabrication and functional structures. A broad range of physical and 

chemical properties, including the elastic modulus, strength, optical properties and 

surface characteristics, can be controlled and adapted to specific purposes by 

varying the curing conditions and chemical composition, complex mixture and 

physical treatment (i.e., UV radiation and plasma treatment). Furthermore, rubber-

like materials can be used as compliant substrates to form bilayer structures with a 

rigid film by depositing additional layers or chemically modifying surfaces. 

A thin membrane of an elastic material has a number of advantages, including 

flexibility, transparency, permeability and the ability to make conformal contact 

with other materials. There have been a number of reports of the fabrication of 

mechanically robust and functional thin membranes using spin coating, spray 

coating, and electrochemical synthesis, and such ultrathin membranes have 

applications as gas barriers, chemical sensors and in selective extraction of the 

metal ions.[16] In addition, fabrication of advanced membranes via micro/nano 
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patterning or designing composite structure may be feasible.   

In this article, we describe a simple and reproducible method of preparing thin 

membranes that can be repeatedly separated from pristine polydimethyl siloxane 

(PDMS), with a uniform thickness of 60 to 80 nm. By exploiting tight bonding, 

combined with heating and oxygen plasma treatment, subsequent cleavage via 

controlled interfacial fracture can be achieved. When PDMS was treated with a 

plasma or ultraviolet (UV)-generated ozone. Since the modified layer has a large 

built-in stress and mechanical and chemical properties different from those of 

pristine bulk PDMS,[17, 18] failure can occur during a contact-based transfer 

process. In this way, various micro-/nanoscale patterns can be generated on 

receiver substrates including glass, silicon dioxide (SiO2) and flexible polymers. A 

number of modified decal transfer lithography (DTL) methods, based on 

annealing- or solvent swelling-induced cohesive mechanical failure (CMF) 

processes, have been reported.[19-23]   

The process described here could be repeated more than ten times without 

appreciable variation in properties of the transferred layers. As we shall show, 

varying the experimental conditions allows us to control the location of the 

fracture plane, and hence the thickness of the transferred layer. The surface 

oxidation could be controlled by varying the treatment time and plasma power, 

and was affected by the crosslinking density, which could be modified in a 

number of ways, including by changing the amount of curing agent, the baking 
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time and the temperature.[24-27]  The thickness of transferred membrane could 

be controlled by varying the process conditions, because the location of the 

interfacial failure plane depends on the plasma treatment conditions and the 

crosslinking density in the PDMS. Various micro- and nanostructures could be 

fabricated without a residual layer by combining controlled interfacial fracture 

and pattern transfer methods. Because the substrate and transferred layer have 

different wettabilities, we were able to demonstrate the use of well-defined protein 

arrays for immunoassay applications.  
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2-2. Experimental 

 

2-2-1. Fabrication of PDMS stamp  

 

The silicon masters having line pattern were prepared by conventional 

photolithography and etching processes. The line pattern had 800 nm width with 

equal spacing. Its height was 600 nm and the patterned field was 3 by 3 cm. To 

prepare PDMS replicas, the base and curing agent of Sylgard 184 (Dow corning) 

were mixed at 10:1 wt% fraction, poured onto the silicon masters and cured at 

70 °C for various baking times (0.5 ~ 48 h). Then the cured PDMS stamps were 

peeled from the silicon masters and cut prior to use.  

 

2-2-2. Repetitive transfer by interfacial fracture 

 

The prepared PDMS stamp and substrates (bare silicon wafer, glass, or PET 

film) were treated by oxygen plasma under various conditions (200 mTorr, 7 ~ 18 

W) for the duration of 30 s to 1 min. Then, the stamp was uniformly placed on the 

substrate, and then heated on a hot plate for 20 s at 100 °C. Subsequently the 

stamp was peeled off from the substrate, leaving behind a thin PDMS layer on the 

receiver substrate. Especially, The PET film was spin coated with Adhesion 

primer (Minuta technology, KOREA).  
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2-2-3. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) 

 

The heights of transferred membranes and patterns were measured by AFM 

(XE-150, PSIA) via non-contact mode (NCHR probe, radius of curvature < 10 

nm) with the scan rate of 0.5 Hz, and SEM (S-48000, Hitachi, Japan) with a Pt 

layer of 30 nm thickness to avoid charging effect. The emitted energy was 10 kV 

with 1 nm resolution.  

 

2-2-4. Auger Electron Spectroscopy (AES) and Fourier Transform Infrared 

(FTIR) Spectrophotometer 

 

The elemental contents of a transferred membrane of ~80 nm thickness were 

analyzed with AES (PHI-660, Perkin-Elmer) to measure depth profiles of three 

major elements (C, O, Si). FTIR Spectrophotometer results were recorded on a 

Nicolet 6700, in the mid range from 4000 to 600 cm-1 with 1 cm-1 resolution at 

room temperature (about 22 ± 1◦C). Both pristine PDMS membrane and 

transferred membrane were measured in absorbance mode, and the Ge crystal was 

used to measure thin layer ( < 300 nm) in the FTIR analysis. 
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2-2-5. Protein Immobilization and Immunostaining  

 

For protein immobilization, human fibronectin (HFN) was used as a 

representative protein. Prepared samples were covered with HFN solution (5 

μg/ml, Sigma) and incubated for 30 min at room temperature. After 

immobilization process, samples were washed with PBST (0.1 % Triton X-100 

(Sigma) in PBS solution) for three times to remove unbound HFN and treated 

with blocking solution (2 % bovine serum albumin (BSA, Sigma) in PBST) for 30 

min to reduce non-specific binding of antibodies. Rabbit anti-fibronectin antibody 

solution (1:250 in blocking solution, Sigma), primary antibody solution, was 

pipetted onto fibronectin-immobilized samples and incubated for 1 h at room 

temperature. After washing with PBST for three times, fluorescein isotiocyanate 

(FITC) conjugated goat anti-rabbit IgG (1:250 in blocking solution, Sigma), 

secondary antibody solution, was pipetted onto samples, incubated for 1 h at room 

temperature in darkness and washed for three times with PBST. To prevent 

photobleaching of the dye, samples were coated with ProLong Gold antifade 

reagent (Invitrogen) and observed with florescence microscopy (Eclipse Ti, 

Nikon). 
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2-3. Results and Discussion 

 

2-3-1. Mechanism of interfacial fracture in modified PDMS surface 

 

We were able to achieve repeatability of the location of the failure plane at the 

interface of the plasma treated layer and the bulk pristine PDMS, which results in 

a clean interface between the layers, and a controlled thickness of the transferred 

membrane. In the presence of an external force, or residual stress, fracture 

typically occurs at the interface of a bilayer system due to the large mismatch in 

elasticity, so that cleavage is initiated due to a spatial gradient of the stress.[28] 

Because of this mismatch in the elasticity, CMF can be exploited to create micro 

and nanostructures.[29] When a peeling force is applied to the bilayer system, the 

peeling stress is concentrated at the interface due to the mismatch in the 

mechanical properties of the materials.[28]  

The experimental procedure is illustrated in Figure 2-1. A bulk PDMS block 

and a receiver substrate (silicon, glass, or PET film) were subjected to oxygen 

plasma treatment, and then placed in direct contact, followed by a short period of 

heat treatment (20 s at 100°C). Following removal of the PDMS block, a thin 

silica-like oxidized layer was transferred to the substrate. The thickness of this 

layer was in the range 60 - 80 nm. It is well known that oxygen plasma treatment 

can introduce hydrophilic silanol (-OH) groups onto the surfaces such as silicon, 
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glass, and polymers.[30] These polar groups lead to an irreversible seal by 

dehydration via the following chemical reaction: SiOH + SiOH ® Si-O-Si + 

H2O.[31] The modified PDMS surface was much stiffer that the bulk PDMS, and 

had a lower thermal expansion coefficient due to the significant insertion of 

oxygen networks (i.e., siloxane bonds). The penetration depth of siloxane bonds is 

typically ~80 nm following oxygen plasma treatment,[32] and the elastic modulus 

of the modified skin layer was 3–4 orders of magnitude larger than that of bulk 

PDMS.[33, 34] This large mismatch in elasticity, in combination with the 

irreversibly bonding at the surface, results in cohesion failure during peeling. The 

combined process of heating and peeling was able to induce clean cleavage of the 

oxidized PDMS layer onto various substrates, including silicon, aluminum, 

stainless steel, and polymer (see Figure 2-2).  
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Figure 2-1. Schematic illustrations for cohesion failure of PDMS block 
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Figure 2-2. (a-b) Digital camera images of thin PDMS membranes transferred to 

aluminum (a) and stainless steel (b). 
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2-3-2. Repetitive transfer of the modified PDMS membrane 

  

We were able to transfer the modified PDMS membranes from the same 

PDMS block onto 4-inch silicon wafers more than ten times. Furthermore, 

uniform properties of the transferred layer were achieved, as shown in Figure 2-3a. 

The transferred region was hydrophobic with a contact angle (CA) for water of 

110°, whereas the silicon wafer exhibited a CA of 20°. The CA was similar to that 

of the pristine PDMS, suggesting that the transferred membrane exhibited a silica-

like skin layer, and an unmodified PDMS layer at the fracture surface. Depth 

profiles of the C, O, and Si fraction based on Auger electron spectroscopy (AES) 

measurement are shown in Figure 2-3b.: the element composition was 

approximately 40% C, 30% O, and 30% Si, at the fracture interface, and this 

composition was maintained for approximately 50 nm into the thin layer. This 

composition deviates slightly from that of the bulk PDMS (50% C, 25% O, and  

25% Si). At greater depths into the sample there was a sharp increase in the 

oxygen concentration (~ 50%) at 10 nm from the bottom surface (i.e., the surface 

that was exposed to the plasma), which is consistent with previous measurements 

of the surface following similar oxygen plasma treatment.[32] Figure 2-3c shows 

that the thickness and CA of the membrane was consistent for more than ten 

transfer steps. The AFM image shown in Figure 2-4a indicates that the surface 

was relatively clean and smooth, with an average roughness of Ra < 6 nm, even 
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after repeated transfers. In contrast to the PDMS oligomer, the transferred 

membranes exhibited constant hydrophobicity following washing with acetone, as 

shown in Figure 2-3b. Moreover, the properties of the siloxane chain and methyl 

group observed using Fourier transform infrared (FTIR) spectroscopy (see Figure 

2-5) suggest that the membrane can be expected to be hydrophobic.  

Figure 2-6 shows FTIR spectra of pristine PDMS, plasma treated PDMS, and 

heat and plasma treated PDMS. The most marked variation was 1018 – 1080 cm-1, 

corresponds to the Si-O-Si chain, the peak at 1259 cm-1, which corresponds to the 

symmetric methyl deformation of Si-CH3 , and the peak at 796 cm-1, which 

corresponds in-plane rocking vibration in Si-CH3.[35, 36]  
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Figure 2-3. (a) The digital camera image of the membrane repetitively transferred 

to 10 times from same PDMS stamp and its AFM image. Scale bar represents 2 

μm. (b) Relative elemental content of C, O, Si of the membrane along depth 

profile. (c) CA and Height of the membranes repetitively transferred from same 

PDMS stamp. 
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Figure 2-4. (a) Average roughness of repetitively transferred membranes. Area 

of AFM image is 10 μm2. (b) Contact angle comparison result of PDMS oligomer 

and membrane transferred glass substrate. 
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Figure 2-5. The FTIR graphs of pristine PDMS and transferred membrane. As 

shown, major peaks were observed in siloxane chain (1015 ~ 1080 cm-1) and 

methyl group (796 and 1259 cm-1) 
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Figure 2-6. The FTIR spectra results of pristine PDMS, 30s plasma treated 

PDMS, 1 min plasma treated PDMS and 1 min plasma / heat treated PDMS. 
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Following plasma treatment, the chemical composition of the surface of the 

PDMS was converted to a silica-like (SiOx) formation. The peaks at 1018–1080 

cm-1 decreased in intensity because the number of asymmetric Si-O-Si bonds 

decreased.[37] The loss of methyl functional groups is consistent with the 

decrease in the intensity of the peaks at 1259 cm-1. Following heat treatment, the 

intensity of the peak at 1018–1080 cm-1 corresponding to Si-O-Si bonds increased 

again, which is attributable to condensation of the unstable plasma-treated 

region.[38, 39] This reaction transforms the plasma-treated layer into well-defined 

thin membrane, which has different mechanical properties to that of the bulk 

PDMS, which enables repeatable membrane transfer. 

The results of simulations (see Figure 2-7) show that the temperature profile 

extends for a few hundreds of micrometers into the bulk. The commercial 

software COMSOL Multiphysics was employed to simulate the heat transfer in 

our process. The heat transfer was modeled with transient convection-conduction 

equation as 

 

 

 

where ρ (kg/m3), C (J/kg K) and k (W/m K) denote the density, heat capacity 

and thermal conductivity respectively. We used COMSOL material library for 

value of Si and the ρ, C and k of PDMS (Sylgard 184) were 0.15, 0.97 and 1460 
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from datasheet of Dowcorning.  It follows that although heat penetrates much 

deeper than the chemical modifications due to the plasma treatment, significant 

effects occurs only in the regions that have been affected by both the thermal and 

plasma treatment processes. Further evidence for this is that there was no 

significant change in the thickness of the membrane as function of the heating 

time (Figure 2-8). It follows that control over the thickness of the membranes can 

be achieved by varying the conditions in plasma process. 
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Figure 2-7. Simulation result of heat transfer in our membrane transfer process at 

20 sec treatment. The temperature of heater is 373.15 K and that of ambient air 

was 298.15 K. 

.
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Figure 2-8. Normalized height of transferred patterns as increasing heating time. 

There were no significant differences with heat annealing time. 
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2-3-3. Thickness of the transferred patterns followed various conditions  

 

As To determine the role of the oxygen plasma, we first investigated the 

thickness of oxidized layer using an 800 nm pitch line-and-space pattern with the 

height of 600 nm (see Figure 2-9). It is well-known that the oxygen diffusivity and 

plasma density affect the thickness of the modified region of PDMS;[40] therefore, 

the location of the cohesion failure are expected to be determined by the 

penetration depth of the plasma treatment. Figure 2-10a shows an atomic force 

microscope (AFM) image of a representative PDMS pattern following the pattern 

transfer process, demonstrating that the patterned surface was uniform over the 

large area, with a rounded surface profile. The height of the patterned features was 

in the ranged 125–330 nm, which is greater than that of the uniform membrane 

shown in Figure 2-3: this is attributed to enhanced oxidation via lateral diffusion 

of oxygen. 

The thickness of transferred line patterns depended on the plasma treatment 

conditions, i.e., the plasma power and exposure time. Figure 2-10b shows the 

results of pattern transfer with different plasma treatment conditions. The samples 

were cured for 1.5 h with a mixing ratio of 10:1. The average thickness of the 

patterns treated with a power of 18 W of power for 1 min was ~340 nm. When a 

smaller power (7 W) was used, the average thickness reduced to ~ 230 nm, and 

when a shorter exposure time (30 s) was used, the average height was ~220 nm. 
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In addition to the plasma treatment conditions, we were able to control the 

thickness of the oxidized layer by varying the diffusivity of oxygen plasma. The 

free volume of the polymers, which is related to the crosslinking density, affects 

the oxygen diffusivity, as well as the mechanical properties such as modulus,[25] 

storage of uncured molecules,[41] and permeability.[42] In addition, the curing 

conditions during crosslinking can modify these characteristics.[43] Hence, the 

depth of the PDMS skin layer could be controlled by varying the ratio of the 

curing agent to the base polymer, as shown at Figure 2-10c, in which the amount 

of curing agent was varied in the range 7 % ~ 20 %, indicating that the apparent 

oxygen diffusivity in the harder PDMS was less than that in the softer PDMS. It 

apperars that, under the current conditions, the penetration depth of the plasma 

was approximately equal to equivalent to the height of transferred pattern, which 

was in the range 160–340 nm.  

Similarly, the variation in the thickness of the transferred patterns is shown in 

Figure 2-10d as a function of the curing time (with fixed curing conditions and a 

mixing ratio of 10: 1). A curing of 20 min resulted in a thickness of ~330 nm, 

which was decreased to ~125 nm following curing 6 h. As the curing time 

increased further, the pattern thickness saturated at ~120 nm. Such saturation is 

consistent with the previous report by Schiabone et al.,[26] suggesting that the 

modulus is correlated with the thickness of transferred pattern. 
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Figure 2-9. SEM picture of uniform 800-nm line patterns transferred to silicon 

substrate. Scale bar represents 2 μm. 
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Figure 2-10. (a) Representative AFM image of transferred pattern along with its 

cross-sectional profile. Scale bar represents 2 μm. (b) Change of pattern height 

with various plasma treatment conditions. (c) Change of pattern height as a 

function of curing agent to base-agent ratio from 7 % to 20 %. (d) Change of 

pattern height as a function of curing time from 0.5 and 48 h. 
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2-3-4. Shape transfer and applications 

 

Figure 2-11 shows that various patterns can be formed on rigid and flexible 

substrates, including polyethylene terephthalate (PET), with same process 

parameters. By the coating of the surface with an adhesive primer that contains 

silane compounds, silanol groups can be formed following the oxygen plasma 

treatment. This surface treatment facilitates pattern transfer onto a flexible 

substrate.  

One of the most important advantages of this approach is its generation of a 

residue-free pattern. Because the transferred pattern is hydrophobic, but the 

exposed silica surface was very hydrophilic, it is possible to create protein array 

that were aligned to a tolerance of 800 nm. Figure 2-12 shows the wells patterned 

on the SiO2 substrate. In general, proteins have higher affinity for polar surfaces, 

such as SiO2, than non-polar surface; thus proteins can be selectively immobilized 

on the exposed SiO2 regions. [44, 45]  

Although there exist a number of methods to create protein arrays, including 

nanoimprint,[46] photo lithography,[47] and dip-pen lithography,[48] these 

methods are typically relatively expensive and require multiple process steps. 

Using the membrane transfer method described here, we fabricated sub-micron 

well structures on a glass substrate. The patterned substrate was covered with 

HFN solution at room temperature to achieve protein immobilization, and 
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subsequently visualized through the specific antibody-antigen reaction between 

rabbit anti-fibronectic and fluorescein isothiocyanate (FITC) conjugated goat anti-

rabbit IgG. Figure 2-12f shows fluorescence image, revealing well-aligned protein 

arrays.  

The transferred patterns act as a physically deposited hydrophobic self-

assembled monolayer and do not require a mask or lift-off process. The process is 

therefore, not only facile and low-cost but also biocompatible, and hence has 

potential applications in biosensors and observation of protein-cell interactions. 
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Figure 2-11. (a-c) The SEM images for various transferred patterns: (a) PDMS 

membrane with holes, (b) PDMS dot arrays, and (c) large concentric circle 

patterns. Scale bars of (a), (b) and (c) represent 1 μm and 100 μm respectively. (d) 

A large-area transferred PDMS line patterns on flexible PET film. 
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Figure 2-12. (a) - (d) Schematics of the protein immobilization and immunoassay. 

(e) The optical image of the transferred 800 nm nanowell pattern. (f) Fluorescence 

microscope image of the fluorescein isotiocyanate conjugated goat anti-rabbit IgG. 

Scale bars of (e) and (f) represents 3 μm.  
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2-4. Summary 

 

We have demonstrated controlled and repetitive transfer of thin PDMS 

membranes via CMF from bulk PDMS block on substrates including SiO2 via 

oxygen plasma treatment and heating. The transferred membranes had a thickness 

in the range 60-80 nm, and were hydrophobic. The thickness of the transferred 

membrane could be controlled by varying the crosslinking and plasma treatment 

conditions. These conditions determine the penetration of oxygen into the PDMS, 

and hence the range over which the mechanical properties were transformed, 

which determines the location of the interfacial fracture plane and therefore 

thickness of the membrane. This method was used to fabricate residual-free 

patterns with controllable dimensions. This represents a facile and repeatable 

process to pattern surfaces with potential applications in areas of selective 

deposition of biological samples, such as cells, proteins, and DNA. 
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Chapter 3. Droplet Manipulation on the Magnetic 

Responsive Superhydrophobic Pillar Arrays 

 

 

3-1. Introduction 

 

Micro/nano fabrication technology to fabricate superhydrophobic surface has 

been over the remarkable development during last decades and many applications 

were developed not only superhydrophobic surface but also directional and 

switchable structures.[49-57] A lot of fabrication methods, including 

photolithography, micromolding and surface wrinkling have been employed to 

create the functional surfaces.[58-63] Recently, many researchers were interested 

in active structure beyond the passive functional structure. And on the strength of 

their efforts, many materials having switchable wetting properties response to 

external stimulations which are heat, light and magnetic force were discovered. 

Especially magnetic force responsive structure has been widely used to fabricate 

not only switchable wetting but also artificial mussel and controllable dry 

adhesive structure from its fast-responsive and controllable characteristics. 

 Kwon et al. fabricated magnetically programmed micro actuator which can 

be differently responded to magnetic force by anisotropy of magnetic particles. 

Through this structure they show the rotating, bending and moving of the actuator. 
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Del campo et al. suggested active gecko-inspired pillar structure where magnet 

particle was inserted into the polymer structure. Their adhesion force at original 

state decreases when the magnetic force is present because of bending of the 

pillars.[64]  

Also, the magnetic responsive structure has been used for switchable wetting 

surface, which control wetting state of various liquids on the surfaces. Minko et al. 

demonstrated remote wetting control using superomniphobic re-entrant magnetic 

structures.[51] An external magnetic force was used to bend the re-entrant 

microstructures and simultaneously causes wetting transition from Cassie state to 

Wenzel state. 

In contrast to those results, droplet manipulation using magnetic force 

responsive active structures is extremely rare. It is well established that the 

superhydrophobic surfaces with low adhesion and high mobility of droplets, 

which are estimated by static contact angles (CAs) and roll-off angles (ROAs), 

can be controlled by modifying texture and chemical treatment of surfaces 

according to the Wenzel and Cassie-Baxter models.[58, 62, 65-70] However, these 

superhydrophobic surfaces, usually consisting of high aspect ratio pillar arrays or 

rough hierarchical structures, are difficult to bend or response to external 

stimulations. 

In this paper, we present a magnetic responsive droplet manipulation using 

magnetic particle embedded micro pillar arrays with high aspect ratio which are 
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robust and magnetic force responsive structures. To fabricate the active structures, 

we used composite of PDMS elastomer and magnetic particle. The mixture 

solution was sprayed to the PDMS substrate placed on the magnet, and then the 

composite pillar structure grows along the magnetic field direction. Heretofore, 

there are needed complicate photolithography, etching, wet process to make micro 

pillar structure,[71-73] but through this novel method, we could fabricate 

composite pillar array which has high aspect ratio (~10) without silicon 

fabrication methods. Also by ensuing carbon nanoparticles (CNPs) coating 

process, the pillars could have more superhydrophobic property.       

We further demonstrate that the CAs and ROAs of droplets on the fabricated 

surfaces with/without external magnetic force according to the amounts the 

magnetic composite solution. Moreover, the interesting application of the droplet 

manipulation which is moving and collision test of droplets on the surfaces was 

demonstrated. Also deicing ability of the pillar by its own motion was represented. 
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3-2. Experimental 

 

3-2-1. Fabrication of magnetic composite pillar 

 

First, a base polymer of Sygard 184 (Dow Corning Korea, Seoul, Korea) and 

hexane (Sigma Aldrich Korea, Yongin-si, Korea) were mixed with a 1:1 weight 

ratio and vigorously stirred. Then, carbonyl iron particles (Sigma Aldrich Korea, 

Yongin-si, Korea) were added to the mixture with the same total weight as the 

PDMS base polymer. The mixture containing the carbonyl iron particles was 

sonicated for 30 min in a water bath. After the sonication, a curing agent of 

Sygard 184 was put in the solution at 10 wt% to the base polymer, and the 

solution was sonicated again. The composite solution was then spray-coated using 

a spray gun onto a cured PDMS substrate placed on a neodymium magnet (4 cm 

(W) ᵡ 4 cm (L) ᵡ 2 cm (T), maximum flux density: ~4 T, purchased from JL 

magnet, KOREA). The sprayed sample on the magnet was then placed in a 

convection oven for thermal curing for 2 h at 70 ˚C, which resulted in 

magnetically actuating self-assembled micropillar arrays. The micropillar arrays 

were spray-coated with 0.5 wt% CNPs (Sigma Aldrich) dispersed in 2 ml of 

acetone followed by 1 h drying at 70 ˚C, resulting in magnetically responsive 

hierarchical pillar arrays with superhydrophobicity.  
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3-2-2. Simulation of the magnetic field around the magnetically responsive film 

on a magnet 

 

The magnetic field around the magnetically responsive film on a neodymium 

magnet was simulated using Finite Element Method Magnetics software (FEMM 

4.2, http://femm.foster-miller.net). The simulation was conducted for two different 

types of magnets (a: 4 cm (W) ᵡ 4 cm (L) ᵡ 2 cm (T), maximum flux density: ~ 4 T 

and b: 2 cm (W) ᵡ 2 cm (L) ᵡ 1 cm (T), maximum flux density: ~ 3 T) operating in 

air.  

 

3-2-3. Analysis of the structural change of the magnetically responsive pillar 

arrays under a magnetic field. 

 

The magnetically responsive structural changes and actuating motions of the 

pillar arrays were investigated with upright optical microscopy by controlling the 

position of a neodymium magnet under the magnetically responsive film. The 

magnetically responsive film with randomly oriented pillar arrays was attached to 

a flat glass slide to prevent bending of the film. The position of the film was 

controlled by a manual 3-axis stage, and the dynamic responses of the pillar arrays 

were captured with a CCD camera attached to the microscope.  
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3-2-4. Analysis of wetting properties of the magnetically responsive pillar arrays 

 

The static CAs and advancing/receding CAs were measured using a contact 

angle analyser (Drop Shape Analysis System DSA100, Kruss, Germany). The 10 

~30 μl deionized (DI) water droplets were gently placed on the magnetic pillar 

arrays for static CA measurement. The advancing/receding CAs were measured by 

smoothly increasing and decreasing the volume rate of the DI water droplet. The 

droplet images were captured by an optical microscope on the contact angle 

analyser. The ROA was determined by slowly tilting the substrate until a droplet 

started to roll off and recording the angle of the substrate at that instant. 

 

3-2-5. Manipulation of droplets on the magnetically responsive film 

 

A 10 μl DI water droplet was placed on a magnetically responsive film fixed 

on a glass slide. A neodymium magnet was located right under the droplet. The 

magnet was then moved to a specific target location. As the magnet moved 

towards the location, pillar arrays immediately ahead of the magnet laid flat 

against the substrate. As a result, the droplet rolled over the bent pillars, following 

the magnet. The motion of the droplet was recorded using a digital camcorder. 
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3-2-6. Analysis of anti-icing property of the magnetically responsive film 

 

A magnetically responsive film with 10 μl of deionized water droplets on the 

surface was placed in a refrigerator at –10 ℃ for 2 hours to completely freeze 

the droplets. Then, a neodymium magnet was moved under the film to actuate the 

magnetically responsive pillar arrays. Detachment and removal of the iced 

droplets from the surface were captured using a digital camcorder. 

 

 

 

 

 



 42

3-3. Results and Discussion 

 

3-3-1. Preparation of magnetically responsive film  

 

Among many possible approaches to generate dynamically tuneable 

structures, magnetically actuated surfaces are particularly attractive due to their 

instantaneous response and remote controllability and the nondestructive nature of 

magnetic fields. Figure 3-1 depicts in detail the procedure for the preparation of a 

magnetically responsive film with self-assembled hierarchical pillar arrays on the 

surface. First, a solution of magnetic particles and polydimethylsiloxane (PDMS) 

was prepared by adding carbonyl iron (CI) particles into a mixture of uncured 

PDMS and hexane. Then, 1.5 ml of the solution was sprayed using a spray gun 

onto a cured PDMS substrate that was placed on a neodymium magnet. Then, the 

mixture of ferromagnetic CI particles and uncured PDMS spontaneously arranged 

along the direction of the magnetic field and formed pillar-like structures. 

Subsequent thermal curing of the sprayed samples fixed the field-aligned pillar 

shapes, resulting in composite pillar arrays made of PDMS and magnetic particles 

over a large area; the magnetic particles in the pillars enabled dynamic tuning of 

structural motions, whereas the polymeric matrix defined the structural geometry 

(Figure 3-1b-d). The coating of carbon nanoparticles (CNPs) over the arrays 

resulted in magnetically actuating hierarchical pillar arrays with 
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superhydrophobicity. Previous studies have shown that well-defined magnetically 

responsive structures can be generated via photolithographic or soft lithographic 

techniques, in which pre-defined masks or moulds were applied to precured 

polymers mixed with magnetic particles[74-76]. Although these methods are 

useful to fabricate magnetically responsive surfaces with ordered micro- or 

nanoscale structures, additional lithographic processes to prepare the mask or 

mould are required. Additionally, instantaneous modulation of geometries of 

magnetically responsive structures is not possible with these mould-based 

approaches, because the geometries of the resulting samples are usually limited by 

the patterns of the masks or moulds.  

By contrast, pillar geometries can be simply tuned in our approach by the 

modulation of a magnetic field. As shown in Figure 3-2a, the magnetic flux 

density varies with the distance between the substrate and the magnet. Therefore, 

pillar arrays with different diameters and heights can be generated by controlling 

the distance between the substrate and the magnet during the fabrication 

procedure (Figure 3-3). For example, when the substrate is placed on the magnet 

without a gap between them, the average height of the micropillars was 

maximized to ~580 μm. By increasing the distance between the substrate and 

magnet, the height was decreased and reached ~380 μm at a separation of 25 mm 

(Figure 3-2b). By contrast, the diameter of the pillar arrays was reduced to ~70 

μm when the separation was zero and monotonically increased with the distance, 
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reaching ~210 μm at a distance of ~25 mm (Figure 3-2c). This is because the 

solution containing magnetic particles experiences higher magnetic field density 

and strength when the separation is minimized. The height and diameter of the 

pillar arrays can also be modulated by repeating the process of spray coating-

curing (Figure 3-4). When the coating-curing process was performed only once, 

the height and the diameter of the pillars were ~500 μm and ~90 μm, respectively. 

During this process, the distance between the sample and the magnet was 

maintained at zero, and the amount of mixture sprayed in a single coating was 

~1.5 ml. By repeating this process, the height and diameter were increased, as 

shown in Figure 3-2d and e. After the third coating and curing process, the height 

reached ~1300 μm and the diameter was increased to ~130 μm, generating pillar 

structures with a very high aspect ratio (>10). The pillar geometry can also be 

adjusted by controlling the amount of sprayed mixture on the PDMS substrate 

(Figure 3-5). When we sprayed 0.5 ml of the mixture, a pillar array with relatively 

low density and height was generated. When we increased the amount during 

spraying, micropillar arrays with higher density and height could be generated. 

The generated micropillars with controllable geometries can be further modified 

into micro- and nanoscale combined hierarchical pillar arrays by coating the 

micropillars with CNPs, which provide the array with thermodynamically stable 

superhydrophobicity. With simple tunability of the structural geometries, 

including diameter, height, and hierarchy, of the pillar arrays, our approach 
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provides a novel strategy for generating magnetically responsive hierarchical 

pillar arrays with robust superhydrophobicity over a large area by simple self-

assembly without the need for complex fabrication processes or predefined 

moulds. 
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Figure 3-1. Schematic illustration of pillar fabrication. 
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Figure 3-2. (a) Magnetic filed simulation as distance with magnet. (b)-(c) Height 

and diameter change by increasing of distance with magnet. (d)-(e) Height and 

diameter change by number of coating. 
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Figure 3-3. SEM images of the fabricated magnetically responsive pillars as a 

function of distance (D) between the magnet and the sample. a. D = 0 mm, b. D = 

5 mm, c. D = 10 mm, d. D = 15 mm, e. D = 20 mm, f. D = 25 mm. Scale bars in 

(a)-(f) are 200 μm. 
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Figure 3-4. SEM images of the fabricated magnetically responsive pillars as a 

function of the number of coating-curing processes. (a)-(c) are samples without 

CNP coating and (d)-(f) are samples with CNP coating. Scale bars in (a)-(f) are 

200 μm.  
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Figure 3-5. SEM images of the magnetically responsive pillar arrays prepared 

using different amount of sprayed mixture comprising of precured polymers and 

magnetic particles. 0.5 ml, 1.0 ml and 1.5 ml solutions were used for the resulting 

samples in (a), (b), and (c), respectively.  
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3-3-2. Active control of the dynamic structural change of the magnetic pillar 

arrays by an external magnetic field  

 

To investigate the dynamic response of the pillar arrays under a magnetic field, 

structural changes of the pillar were observed with upright optical microscopy by 

changing the horizontal position of a rectangular neodymium magnet under the 

films. When the rectangular magnet is placed under the film, the magnetic flux 

density is maximized at the centre and rapidly decreased with the distance from 

the centre (Figure 3-6). Consequently, pillars located directly above the magnet 

undergo the strongest magnetic field, whereas pillars located away from the 

boundaries of the magnet are under little influence of the field. This indicates that 

the bending and actuating behaviours of the array can be simply and precisely 

controlled by changing the location of the magnet under the sample. For example, 

when we placed a rectangular magnet (2 cm (W) ⅹ 2 cm (L) ⅹ 1 cm (T), and 

the maximum flux density: ~ 3 T) 6 mm away from the south or north pole face of 

the magnet (defined as “d” in Figure 3-6a), the pillars maintained their original 

vertical position without any bending (Figure 3-6b). However, as the magnet 

approached the sample, the pillar arrays started to respond strongly to the magnet 

because of the highly ferromagnetic carbonyl iron. When the distance was ~4 mm, 

the array bent to a tilting angle of ~ 60°. As the distance decreased, the magnetic 
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flux density influence on the pillar array increased, resulting in more bending. 

Furthermore, the pillar array was nearly flattened to the surface with tilting angles 

of ~90° when the horizontal distance between the side of the magnet and the 

sample was zero. When the magnet was removed, the arrays immediately returned 

to their original vertical position by the elastic restoring force of the PDMS matrix 

(see Figure 3-7), demonstrating fast and reliable actuating, as well as large 

bending capability, in response to a remote magnetic force. Figure 3-6c shows top 

views of the magnetically responsive pillar array placed over a rectangular magnet. 

As shown, only the pillars located directly above the magnet were significantly 

bent, whereas pillars beyond the magnet’s face showed little or no bending. The 

pillars located at the edges of the magnet were bent towards the centre of the side 

face of the magnet along the magnetic field formed between the north (N) and the 

south (S) pole faces of the magnet. When we rotate the magnet under the film, the 

direction of the bent pillars also changed along with the magnet (Figure 3-6c). 
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Figure 3-6. Dynamic structural control of the magnetically responsive pillar 

array with a permanent magnet. (a) Simulation of magnetic flux density around 

the pillar array when a magnet is placed under the sample. (b) Side views of the 

dynamic response of the pillar array when the magnet approaches the targeted 

pillars (red arrows in Fig. 3a) at a horizontal distance “d” from the edge of the 

magnet. Scale bars are 200 μm. (c) Top-views of the magnetically responsive 

pillar array placed on a rectangular magnet. The pillars located directly above the 

magnet are significantly bent. The region of bent pillars rotates along with the 

magnet. Scale bars are 1 cm. 
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Figure 3-7. Top-views of the magnetically responsive pillar arrays (a) with and 

(b) without applied magnetic field. 
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3-3-3. Wetting properties of the magnetically responsive film 

 

From The surface wetting properties of the arrays related to the CNP coating 

and the number of coating-curing processes were investigated. The CNP coating 

adds structural hierarchy to the pillar arrays (Figure 3-8a), and the repetition of the 

spray coating-curing process increases the diameter and the height of the pillar 

arrays, as described above. For pillar arrays in their original unbent configuration, 

arrays with more coating-curing processes exhibited higher contact angles (CA) 

and reduced contact angle hysteresis (CAH) (Figure 3-8b). This is because the air 

fraction under the droplet is increased for the samples with more spray coating-

curing processes (Figure 3-9). Furthermore, coating of the array with CNPs 

significantly enhanced CA > 150° and reduced CAH < 10°, enabling 

superhydrophobic wetting (Figure 3-8b) by introducing dual roughness to the 

array[68, 69], [77]. 

When the pillar arrays were bent under a magnetic field, different wetting 

behaviours were observed depending on the presence of CNPs on the arrays. For 

example, arrays without CNPs showed decreased CAs with increasing spray 

coating-curing processes (Figure 3-8c). CAs on the arrays prepared with a third 

coating process reduced to ~123°. Additionally, the bent pillar arrays without 

CNPs showed a relatively high CAH of over 23°, which could hinder the 

manipulation of droplets on the arrays. This is due to the increase in solid fraction 
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under the droplet for samples with more coating-curing processes when the arrays 

without CNPs are bent under a magnetic field (Figure 3-10). By contrast, pillar 

arrays with CNP layers showed enhanced CAs with increasing coating-curing 

processes (Figure 3-8c). Interestingly, these arrays maintained their 

superhydrophobicity (CAs > 150 ° and CAH < 10 °) even when the arrays were 

bent by a magnetic force. This is because the CNP coating creates nanoscale 

roughness over the surface of the micropillars, resulting in micro- and nanoscale 

combined hierarchical structures. These hierarchical architectures enable the array 

to maintain reduced contact with the droplet and thus a superhydrophobic wetting 

state regardless of the bending angle of the pillar arrays. These results indicate 

that a discrete droplet would not wet these self-assembled hierarchical pillar 

arrays even when the arrays are actuating under a magnetic force, which may 

enable active and reversible manipulation of a droplet on the pillar arrays. 

Although previous studies have reported droplet manipulation based on magnetic 

force, they are mostly limited to demonstrating the transition of the wetting state 

from the Cassie-Baxter state to the Wenzel state upon actuation or bending of 

micro- or nanoscale structures. In this case, not only is the wetting transition 

irreversible, but precise and fast control of the position and motion of discrete 

droplets is also not possible.[51, 74, 78] By contrast, our results demonstrate a 

strong possibility of rapid and reversible control over the position and motion of 

droplets using magnetically actuated surfaces.  
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To further characterize the wetting properties, we also measured the roll-off 

angles (ROAs) of a droplet on the pillar array, which were determined as the 

tilting angles of the substrate at which the droplet starts to roll off[65]. The ROA 

of a vertical pillar array without CNPs fabricated with a single coating-curing 

process was ~59˚. The ROA decreased to ~30˚ for triple coated samples. By 

coating CNPs on the pillars, the ROA dramatically decreased to ~17˚ for single 

coated samples and further decreased to <10˚ for triple coated samples (Figure 3-

8d). Interestingly, when we applied a magnetic field to the samples, the ROAs of 

the pillar arrays were greatly reduced. The ROAs of the pillars without CNPs 

were 22°, 18° and 12°, respectively, with increasing spray coating-curing 

processes. Strikingly, pillar arrays coated with CNPs shows ROAs of ~0° when 

bending under a magnetic force (Figure 3-8d and Figure 3-11). This means that 

these arrays have a strong potential to transport and manipulate a liquid droplet on 

the surface with only a remote magnetic field and without the need for inclining 

the substrate. 
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Figure 3-8. Analysis of the wetting properties of the magnetically responsive 

pillar arrays. (a) SEM images of a pillar without (left) and with (right) CNP 

coating. (b) Contact angles of DI water on various magnetically responsive pillar 

arrays with different numbers of coating-curing processes when no magnetic field 

is applied to the sample. (c) Contact angles of DI water on various magnetically 

responsive pillar arrays with different numbers of coating-curing processes when 

the pillar arrays are fully flattened on the substrate by an applied magnetic field. 

(d) Roll-off angles of DI water on various magnetically responsive pillar arrays 

for different numbers of coating-curing processes and magnetic field application. 

The symbol “(c)” on the x-axis of the graphs in (b)-(d) represents CNP coated 

samples. 
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Figure 3-9. Schematic illustration of droplet wetting on various magnetically 

responsive pillar arrays related to the CNP coating and the number of coating-

curing processes when no magnetic field is applied to the samples. 

 

 

 

Figure 3-10. Schematic illustration of droplet wetting on various magnetically 

responsive pillar arrays related to the CNP coating and the number of coating-

curing processes when the pillar arrays are bent by an applied magnetic field.  
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Figure 3-11. Roll-off angles of DI water with two different droplet volumes on 

various magnetically responsive pillar arrays for different numbers of coating-

curing processes and magnetic field application. The symbol “(c)” on the x-axis of 

the graphs in (a)-(b) represents CNP coated samples. 

 



 61

3-3-4. Remote manipulation of droplets on the magnetically responsive film 

 

Figure 3-12a shows an illustration of droplet manipulation on our flexible 

magnetically responsive film. When pillars above the magnet are bent, a local 

difference in the potential energy is generated in the array. Furthermore, actuation 

of the pillars provides a driving force for the droplet to move along the tilting 

direction of the pillars. As a result, the droplet moves towards the location of the 

bent pillars. Figure 3-12b shows the continuous manipulation of a droplet on the 

CNP coated pillar arrays. A 10 μl DI water droplet was placed on the magnetically 

responsive film fixed on a slide glass. A neodymium magnet was moved under the 

substrate. As the magnet approached the array, pillars within the magnetic field 

flattened on the substrate. As a result, the droplet rolled over the bent pillars, 

following the magnet. Consistent with our earlier results, the droplet maintained a 

superhydrophobic wetting state on the pillar arrays regardless of the bending 

angles of the array. The pillars in the places where the magnet passed recovered 

their original vertical shape, whereas the magnet bent pillars further down the path. 

This series of subsequent local actuating of pillar arrays by controlling a magnetic 

field enabled precise and active manipulation of the droplet. 

As shown, our self-assembled pillar arrays not only exhibit magnetically 

responsive dynamic behaviours but also have highly stable superhydrophobic 

wetting properties with a nearly zero ROA upon the application of an external 
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magnetic field. This unique property is of considerable benefit for the active 

manipulation of liquid droplets. To demonstrate unique applicability, we guided 

the transportation of a water droplet to a specific target location using only remote 

magnetic force (Figure 3-13a). Initially, 10 μl of three DI water droplets dyed with 

different colours (blue, yellow and red from left) were placed on the flexible film. 

Due to the superhydrophobicity of the film, each droplet maintained discrete 

spherical shapes on the film. The blue coloured droplet was moved to the right 

side until it contacted the yellow droplet by simply placing a permanent 

neodymium magnet under the blue droplet and moving the magnet to the right. 

The droplet maintained its superhydrophobic state during the motion with very 

low CAH. After contacting with the yellow droplet, the two droplets merged 

together, generating a larger green droplet. Similarly, the merged droplet was 

successfully transported to the red droplet, forming another merged droplet using 

just a remote magnetic field. It should be noted that this is the first demonstration 

of active and reversible manipulation of the position and motion of pure discrete 

droplets using only a remote magnetic field. So far, the active control of discrete 

droplets has mainly been achieved by electrowetting methods, which utilize 

electric fields applied to patterned electrodes. Most previous droplet manipulation 

techniques based on magnetic fields are limited to irreversible wetting transitions 

from the Cassie-Baxter state to the Wenzel state upon the bending of micro- or 

nanostructures without the ability to control the position and motion of discrete 
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droplets.[51, 74, 78] With the dynamically actuating pillar arrays under a 

controlled magnetic field, our approach combines the major advantages of 

electrowetting (i.e., active real-time manipulation of a droplet to a specific target 

location) and structure-based methods (i.e., simple processes and no need for an 

external power source).  

To demonstrate controllability over droplet motion and position, we performed 

an additional experiment (Figure 3-13b). First, we placed the magnetically 

responsive flexible film on the table with a slight tilting angle of ~5°. Then, a 

permanent magnet was placed under the film while a water droplet dyed with red 

colouring was drop dispensed onto the film. Pillars under the influence of the 

magnetic field tilted along the magnetic field direction, forming an open channel 

on the magnet. As a result, the droplet rolled off towards a specific target location 

along the channel. The channel direction could be easily tuned by rotating the 

magnet. In addition to droplet manipulation, this magnetically responsive film 

with superior wetting properties is also highly useful for anti-icing surfaces. 

Because of the superhydrophobic wetting properties, ice particles would form 

with nearly perfect spherical shapes on the surface. These ice particles could be 

simply removed from the surface by actuating the pillar arrays with a magnet 

(Figure 3-13c). 
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Figure 3-12. Droplet manipulation on the flexible magnetically responsive 

film. (a) Schematic illustration of active droplet manipulation on the magnetically 

actuating hierarchical pillar array. When the pillars are bent by a magnetic force, a 

local difference in the potential energy (“PE”) is generated in the array. 

Furthermore, actuation of the pillars provides a driving force (kinetic energy, 

“KE”) for the droplet to move along the direction of the pillars. As a result, the 

droplet moves towards the location of the bent pillars. (b) Demonstration of 

continuous manipulation of the droplet on the magnetically responsive film with a 

neodymium magnet. 
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Figure 3-13. Applications of the magnetically responsive film with 

superhydrophobic wetting properties. (a) Demonstration of precise 

manipulation of droplets to specific targeted locations. A blue coloured droplet is 

manipulated with a permanent neodymium magnet to the right until it contacts the 

yellow droplet. After contacting the yellow droplet, the two droplets merge 

together, generating a larger green droplet. The merged droplet is further 
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transported using the magnet to the red droplet, forming another merged droplet. 

(b) Guided rolling-off of the droplet to targeted locations. Pillar arrays on a 

magnet are flattened on the substrate along the magnetic field direction, forming 

an open channel on the surface. As a result, a droplet can be rolled off towards a 

specific target location along the channel. The channel direction can be easily 

tuned by rotating the magnet. (c) Demonstration of anti-icing properties of the 

film. Because of the superhydrophobic wetting properties, ice particles form with 

nearly perfect spherical shapes on the film. These ice particles can be removed 

from the surface simply by actuating the pillar arrays with a magnet. 
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3-5. Summary 

 

In the present study, we have presented, for the first time, a novel strategy that 

enables active, fast, precise and reversible control of the positions and motions of 

pure discrete droplets using only a permanent magnet on a magnetically 

responsive flexible film. The magnetic responsive film has randomly oriented 

hierarchical pillar arrays on the surface generated by the mouldless self-assembly 

of solutions comprising precured polymers and magnetic particles under a 

magnetic field. The geometries of the pillar arrays, such as diameter, height and 

density, can be tuned simply by controlling the magnetic field during the 

fabrication process. These magnetically responsive pillar arrays not only have 

dynamic actuating capabilities with immediate field responses and maximum 

tilting angles of ~90° but also exhibit stable superhydrophobic wetting properties 

regardless of the bending angles of the actuating pillar arrays. With these superior 

actuating and wetting properties, this flexible film enables active, fast, precise and 

reversible manipulation of discrete droplets on the surface with the use of only a 

permanent magnet without any additional processes or equipment. Furthermore, 

the fabrication of this flexible film is scalable through the simple self-assembly 

process without the need for any expensive processing or materials. We believe 

that this new magnetically responsive flexible film provides a valuable platform 

for active and precise manipulation of liquid droplets for a broad range of 
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applications, from lab-on-a-chip devices for biological and chemical analyses to 

bioinspired functional surfaces. 
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Chapter 4. Fabrication of Solid Oxide Fuel Cell via 

Electrospray method 

 

 

4-1. Introduction 

 

Solid Oxide Fuel Cell (SOFC) is a promising energy generation system 

because of high efficiency, low pollutant and diversity of fuel materials. The 

general operating temperature of the SOFC is 600°C ~ 800°C, and waste heat 

from the high temperature can be converted to other energy. Aside from hydrogen, 

hydrocarbon based materials can be used for fuels as well. 

The general SOFC consists of an anode, an electrolyte and a cathode. The air 

and hydrogen is provided to the cathode and anode respectively, and the 

electrolyte have to be fully dense to protect the gas diffusion. Anode-support or 

electrolyte-support type SOFCs are mostly used for cell fabrication and there are 

some properties that should be considered. 

At the cathode, oxygen reduction occurs, which generates ion moves to the 

anode through the electrolyte. The reaction between oxygen ion and hydrogen 

generates water molecule and electrons. Therefore, the cathode and the anode 

need to have high ion and electronic conductivity but electrolyte have high ion 

conductivity and low electrical conductivity. Also the structure of the cathode and 
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the anode have to be porous for gas diffusion, and all the components are required 

to have similar thermal expansion coefficients for thermal stability. 

Various fabrication processes are developed to make the components of the 

SOFC. Screen printing has been widely used for the fabrication of electrolyte and 

cathode materials. However, since it is hard to make thin layer and control 

structure of the components, other deposition methods such as Pulsed Laser 

deposition (PLD), Atomic Layer Deposition (ALD) and Sputtering have been 

developed as alternatives and they are also used with the combination of the 

screen printing method.[79-81] Those methods can fabricate thin electrolyte and 

cathode layers precisely with high quality, but they have problems such as 

difficulties in realizing proper circumstances and limitations in manufacturing 

over large area. 

In this chapter, we present a fabrication process of the components of SOFC 

using electrospray deposition (ESD) method. The electrospray deposition method 

(ESD) is a simple and versatile tool for uniform particle deposition. In the ESD 

process, the liquid jet at a syringe is divided into nano-sized droplet by induced 

voltage, then the droplets are sprayed on the target substrate by electrical 

potential.[82-84] The ESD method can manufacture higher quality particle film 

layers than other spray methods such as air assist, rotary and ultrasonic 

atomization because droplets expelled by coulomb fission are very uniform and 

have narrow size distribution. The morphology of deposited particles depends on 
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various conditions such as solution properties and process variables. The solution 

properties (viscosity, conductivity, surface tension, evaporation temperature) 

which affect the shape of particle layers are influenced by not only solvents but 

particles and dispersant polymer. The shape of the liquid jet and the size of 

droplets are also changed by process variables (voltage, flow rate and distance).  

 The ESD process can be used under the atmospheric environment, and the 

diverse materials can be selected as the substrate. From those advantages, it is 

possible to fabricate components of the SOFC, which are the electrolyte and the 

cathode layer. Also, we can control and optimize the structure of SOFC 

components using polymer binders. 
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Figure 4-1. Schematic diagram of the SOFC. 
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4-2. Experimental 

4-2-1. Materials and Electrospray set-up 

 

The NiO-YSZ substrate was processed by powder pressing method using 

(Granule material). Electrospray machine which consist of power supply, syringe 

and controller was made by Nano-NC tec. 8 mol % Y2O3 stabilized ZrO2, 8YSZ 

and LSC powder were used as electrolyte and cathode layer respectively, and they 

dispersed in ethanol for spray process. Liquid flow rate was 0.5ml/h, and voltage 

was applied with 10 kV ~ 11 kV range for uniform cone-jet mode. Ethanol and DI 

water was used for the dispersion liquid and polyvinyl pyrrolidone and polyvinyl 

butyral was added to the solution as binder and dispersant. 

 

4-2-2. Sintering process 

 

YSZ deposited NiO-YSZ substrate was co-fired at 1400 ˚C during 5 h. GDC 

buffer layer was co-fired at 1250 ˚C during 2 h and then LSC cathode sintered at 

1000 ˚C during 1 h. Those sintering process was conducted in air condition. 
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4-2-3. Electrochemical and structure analysis of the cell 

 

At the cell operation, air and humified H2 (3% H2O) were supplied as the 

oxidant and fuel respectively with 200 sccm flow rate.  A Solatron impedance 

analyzer with electrochemical equipment (SI1260 and SI1278) and and Iviumstat 

electrochemical analyzer (Iviumstat, Ivium Technology) were used to obtain 

electrochemical impedance spectra (EIS) and current-coltage-power (I-V-P) 

curves. The analyzed temperature were 650 ~ 500˚C with 50˚C intervals and the 

frequency range was from 106 to 10-1 HZ.  
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4-3. Results and Discussion 

4-3-1. Electrospray deposition process for fabrication of SOFC component 

 

When the voltage was applied to the needle, the solution is atomized to the 

small droplets which make high quality film on the substrate. We chose anode-

supported, planar type cell for ESD process and the substrate was fabricated by 

conventional power process. High voltage (8 ~ 12 kV) was connected to spray 

nozzle, the particle/polymer composite deposited to grounded substrate. Flow rate 

was controlled by step motor push the syringe. 

 During deposition process, the polymer binder not only makes good adhesion 

between the substrate and the particles but also help mass transportation of the 

particles during annealing process. The dispersion state of the solution varied by 

the amount of the polymer dispersant, and the morphology of the annealed 

particles become different by the polymer.    

In this report, structure of the deposited film was modulated by 

dispersant/binder polymer and the condition to get well defined electrolyte layer 

and porous electrolyte/cathode layer was studied. 
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Fig 4-2. Schematic illustration for ESD process 
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4-3-2. LSC cathode deposition using electrospray deposition and electrochemical 

analysis 

 

The LSC is promising perovskite material for intermediate temperature 

SOFC.[85] We used the LSC commercial powder for the cathode of the SOFC via 

electrospray process and optimized the structure of LSC using polymer dispersant.  

For ESD process, 10 wt% of the LSC was dispersed in ethanol using bath 

sonication. PVP polymer was also added to the solution as dispersant. As-prepared 

NiO-YSZ substrate was made via pressing process followed by screen printing 

method for electrolyte layer. Then the LSC/GDC functional layer assists adhesion 

between electrolyte and cathode layer was deposited followed by LSC cathode 

deposition. Supplied voltage was 10 kV, flow rate was 0.3 ml/h, nozzle diameter 

was 25G (250 μm) and the distance between nozzle and substrate was 5 cm. We 

deposited the 1 um CFL, then piled up the 2 um LSC layer on the CFL. 

In the ESD process, amount of the PVP morphology of the LSC layer. Figure 

4-3 shows the SEM image of the CFL/LSC layer deposited by ESD with different 

PVP weight ratio. When the quantity of PVP is half of that of LSC, it can be found 

that lager ball shape of LSC was deposited because dispersion state of LSC is not 

sufficient (Figure 4-3a). As more PVP was added, more uniformly deposited LSC 

was found (Figure 4-3b) and then the 20 wt% PVP case, irregular fiber is 

generated (Figure 4-3c) because of the high viscosity of the solution. 
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To confirm performances of the LSC layers which have different shape, we 

conducted electrochemical analysis about two cases which are LSC : PVP        

= 10 : 5 (L2P1), LSC : PVP = 10 : 10 (L1P1) and 10 : 20 (L1P2). Figure 4-4 

represents electrochemical performances of those samples. Their open circuit 

voltage (OCV) was > 1.13 V, and it means electrolyte has sufficient gas tightness. 

The peak power density of L2P1, L1P1 and L1P2 was 312 mW/cm2, 401 mW/cm2 

and 314 mW/cm2 at 650 °C. Though L2P1 has higher porosity, lager particle 

assembled structure decreases the reaction site of LSC which influence 

performance of cathode. Meanwhile, more voids are observed in L1P2 because of 

irregular polymer fiber, and the loss of cathode area by the voids decrease the 

performance of the cell. The impedance spectra under OCV condition are 

represented in figure 4-5. The area specific ohmic resistance (RΩ) can be obtained 

from high frequency intercept and the polarization resistance (Rp) analyzed by 

subtracting the high frequency intercepts. The RΩ of the L2P1, L1P1 and L1P2 

were similar as ~0.4 Ω•cm2 at 650 ˚C, But Rp of L1P1 and L1P2 were 3.1 Ω•cm2, 

1.7 Ω•cm2 and 2.2 Ω•cm2. The Rp of L2P1 was highest among those cells because 

the lower surface area of the larger ball-shaped LSC particles decrease reaction of 

oxygen ion diffusion, and power density is lowest though its high porosity. From 

those results, when the LSC and PVP were mixed with same weight ratio, LSC 

has better morphology and electrochemical performances. 

Next, we confirmed the relation between solvent evaporation and the 
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morphology of the LSC layer. During ESD process, unevaporated solvents make 

more uniform film-like structure by leveling effect. But too much solvent droplets 

generate cracks and void during evaporation process. Therefore, we compared two 

kinds of solutions which are ethanol and ethanol/DI water mixture. The 

evaporation speed of DI water is much slower than ethanol, therefore we can 

confirm leveling effect and crack generation by different evaporation speed. 

Figure 4-6 shows structure of the annealed LSC dispersed in ethanol/DI water and 

ethanol mixture. From Figure 4-6a, bulk cracks is confirmed that LSC dispersed 

in ethanol/DI water mixture. Those cracks cause a fracture of LSC layer and 

decline of cathode performances. Peak power density of ethanol case were 401, 

210 and 108 mW/cm2, and ethanol/DI water mixture case were 287, 148, 96 

mW/cm2 at 650, 600 and 550 ˚C respectively. Rp of ethanol case were 1.7, 2.4 and 

4.7 Ω·cm2, and ethanol/DI water case were 2.7, 5.4 and 12 Ω·cm2 at 650, 600 

and 550 ˚C respectively. The performances and impedances of the ethanol case 

was better than the ethanol/DI water mixture one, and these differences comes 

from bulk cracks that impair reaction site of LSC.  
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Fig 4-3. Planar (a)-(c) and Sectional (d)-(f) SEM images of the LSC cathode layer 

fabricated by ESD process under different weight ratio between LSC and PVP to 

solvent : (a) and (d) 10 : 5 (b) and (e) 10 : 10 (c) and (f) 10 : 20. Scale bars 

represent 2 μm in (a)-(c) and 1 um in (d)-(f). 
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Figure 4-4. Electrochemical performances of LSC fabricated by ESD process 

with different PVP amount at 650 ˚C. (a) LSC : PVP = 10 : 5 (b) LSC : PVP = 10 : 

10 (c) LSC : PVP = 10 : 20. 
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Figure 4-5. Impedance spectra results of LSC fabricated by ESD process with 

different PVP amount. All the impedance spectra was measured at OCV condition 

and 650 ˚C (a) LSC : PVP = 10 : 5 (b) LSC : PVP = 10 : 10 (c) LSC : PVP = 10 : 

20.  
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Figure 4-6. SEM images of deposited LSC by ESD process with different solvent 

conditions (a) Ethanol : DI water = 7 : 3 (b) Only ethanol. 
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Figure 4-7. Electrochemical performances of LSC fabricated by ESD process. (a) 

Ethanol : DI water = 7 : 3 (b) Only ethanol. 
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Figure 4-8. Impedance spectra of LSC fabricated by ESD process at 650 ˚C. (a) 

Ethanol : DI water = 7 : 3 (b) Only ethanol. 
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4-3-3. YSZ electrolyte deposition using electrospray deposition and structure 

control via polymer binder 

 

In contrast to the cathode layer, the electrolyte has to form dense layer. 

Because the gas tightness which concludes OCV of the cell is influenced by this 

density of the electrolyte, if the leakage is occurred, the performance of the cell is 

decreased.  

The dense structure of the electrolyte is formed during annealing process at 

1400˚C by crystallization of the YSZ particles. Because the NiO-YSZ substrate 

fabricated by pressing process have many micro size pore which bring about 

debonding problem, polymer binder become very important factor for dense 

electrolyte layer. Also the flow temperature of the binder has to be lower than 

200˚C, the temperature where the shrinkage of the substrate is started. For those 

reasons, we selected PVB as the binder polymer for the electrolyte deposition. 

The PVB has better adhesion than PVP and its flow temperature is lower as about 

120˚C.[86] During annealing process, sprayed PVB-YSZ composite rearranged at 

the flow temperature of the PVB, and this phenomena helps making uniform film 

layer. Therefore density of annealed YSZ structure is influenced by amount of the 

PVB polymer. When the content of the PVB is lower than the YSZ particle, they 

are crystallized with porous structure. Vice versa, the structure of the annealed 

electrolyte structure could be controlled via amount of the PVB polymer. Figure 
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4-3 shows the morphology change of deposited YSZ particle according to the 

different YSZ amount. In the PVB 2 wt% and YSZ 7 wt% case (figure 4-9a), YSZ 

particles make porous structure after sintering process because of lack of PVB 

which makes interconnection between the particles and dominates mass 

transportation. The porous structure transformed to membrane where small pores 

exist, as decrease of YSZ amount (Figure 4-9b). In the 2 wt% YSZ case, densely 

annealed electrolyte layer could be found. Figure 4-9c represents dense YSZ layer 

and porous AFL deposited by ESD process on the porous anode. It can be 

confirmed that the entirely dense YSZ is supported by AFL layer. 
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Figure 4-9. SEM images of YSZ layer deposited with different YSZ/PVB ratio: 

(a) 7 wt%/ 2 wt% (b) 4 wt% / 2 wt% (c) 2 wt%/2 wt%, scale bars represent 2 µm. 
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4-3-4. ESD Cell fabrication and its electrochemical performances 

 

In the previous chapters, we show that the cathode and the electrolyte can be 

fabricated by only ESD and annealing process. Not only structure factor also 

electrochemical performances are very important to be used the component of the 

SOFC.  

To fabricate efficiently dense and robust electrolyte layer, AFL which has 6:4 

ratio of YSZ/NiO was screen printed followed by YSZ deposition. The AFL 

makes good adhesion between anode and electrolyte by reducing thermal 

mismatch and structural effect by anode substrate.[87, 88] The amount of YSZ 

were 2 wt% to the ethanol respectively and the PVB polymer was added with also 

2 wt% to the ethanol. Then the same content of the GDC particles prevent 

sacrificing performance by the thermal fusion between LSC and YSZ were 

deposited with thin (<1 um) layer. Then the CFL (GDC:LSC = 6:4) and LSC was 

deposited as same condition with Ch 4-3-2.  

Two kinds of samples which have 2 µm and 4 µm thickness of YSZ were used 

to test their gas tightness property. Figure 4-10 shows cross-section SEM images 

of the cell fabricated by ESD process where dense YSZ layer and ~3 µm thickness 

of LSC cathode are deposited. When the YSZ is 2 µm, OCV of the cell was ~ 0.96 

V (Figure 4-11a).  It means 2 µm is not enough thickness for ESD-YSZ to 

prevent diffusion of gas molecules, and the cracks on electrolyte become the 
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reason of low electrochemical performance. But the OCV of the cell has 4 µm 

thickness of YSZ increased to ~1.13 V which is almost theoretical value. The peak 

power density of the cell have 4 µm YSZ was 660, 375 and 190 mW/cm2 at 650, 

600 and 550 °C. All of the components could be fabricated successfully, and 

performances were not only better than other aerosol based methods [88-92], also 

results of the screen printed electrolyte cell in the previous chapter. RΩ and Rp 

were decreased to 0.14 and 1.21 Ω•cm2 because of the thinner electrolyte and 

optimized cathode structure. From these results, we could confirm that IT-SOFC 

can be successfully fabricated via our ESD method.     

The ESD process has many advantages such as easy material preparation, fast, 

cost-effective and large area fabrication. Also combined conventional process, it 

can be made up for the weakness and have possibility for conjugating with 

various ways.       
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Figure 4-10. Cross-sectional SEM images of ESD cell. (a) 4 µm and (b) 2 um 

thickness of YSZ. Scale bars represent 2 µm.  
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Figure 4-11. Electrochemical performances of cells fabricated by ESD process. 2 

µm (a) and 4 µm (b) thickness of YSZ. 
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Figure 4-12. Impedance spectra results of the ESD cells fabricated by ESD 

process. 2 µm (a) and 4 µm (b) thickness of YSZ. 
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4-4. Summary 

 

In this chapter, we have shown the fabrication of the components of SOFC via 

ESD process which has various advantages such as easy and fast process, uniform 

thin film deposition and structure controllable process. LSC cathode, YSZ 

electrolyte, GDC buffer layer and interlayers (AFL and CFL) could be deposited 

using electrospray method, it is shown that they can form working energy device.  

Not only porous and thick cathode layer, also densely packed electrolyte could 

be fabricated using ESD and annealing process. Especially, we examined porosity 

of the cathode and electrolyte membrane can be controlled by amount of PVP and 

PVB polymer binder which affect mass transportation of ceramic nanoparticles. 

Also we optimized structures of those components through electrochemical 

analysis.    

SOFC could be fabricated using ESD process or combining other process such 

as screen printing and PLD. The electrochemical performances of the cells were 

measured and it could be confirmed that those components work as energy 

conversion device. Furthermore, from structure and impedance analysis, we 

suggested possibilities of ESD process in fabrication of SOFC. 
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국문초록 

 

본 학위 논문에서는 멀티스케일 증착 공정을 이용하여 다양한 

기능성 표면을 제작하기 위한 방법을 제시하고 그 결과에 대해 

기술하였다. 자연계에는 건식접착, 초소수성 표면, 마찰 감소, 에너지 

생산과 같은 다양한 기능을 가진 표면 구조들이 무수히 존재한다. 

이러한 구조들은 오랜 세월 동안 주위환경에 적응하여 최적화 된 

형태를 가진다. 그 동안 많은 과학자들이 이러한 구조의 특성을 밝히고 

그 기능을 모사하기 위한 연구를 진행해왔고, 그 결과 회전도포, 

화학기상증착법 (CVD), 물리적기상증착법(PLD), 원자층증착법(ALD) 과 

같은 다양한 표면증착 기술들이 개발되어 기능성 표면 제작을 위한 

다양한 응용을 가능케 하였다. 이러한 공정들은 정밀하고 다양한 

재료들을 증착 할 수 있는 장점이 있는 동시에 재료 물질의 제작과 

느린 공정시간, 진공 및 고온 공정이 필요한 단점을 가진다. 본 

논문에서는 상기 공정의 단점을 보완하고, 새로운 기능성 표면 제작을 

위한 멀티스케일 증착 공정을 제안하였다. 

먼저, 고분자 물질의 표면 개질 및 탄성 불균형 현상을 이용해 

소수성의 나노두께 박막을 제작할 수 있는 연구를 진행하였다. 산소 

플라즈마가 처리된 Poldimethylsiloxane (PDMS) 고분자는 표면에 100 nm 

이하의 산화막을 형성하게 된다. 이 때 표면에는 친수성의 –OH 

작용기가 만들어지게 되고 이는 열처리를 통해 같은 작용기를 가진 



 107

기판과 비가역적인 강한 결합을 하게 된다. 이러한 결합 하에서 

수직응력이 가해지게 되면 PDMS 와 플라즈마 처리를 통해 변화된 

산화막 사이의 탄성 불균형에 의해 계면에 응력이 집중되고, 계면을 

따라 파단면이 생성되어 얇은 산화막이 기판에 전사되게 된다. 본 

공정은 동일한 고분자 조각으로 10 회 이상 반복이 가능하며 표면 

특성도 동일함을 확인 할 수 있었다. 전사된 나노박막은 접촉각 

110°이상의 소수성질을 가짐으로써 플라즈마 처리가 된 주변 기판과 

구분되는 특성을 가지는 것을 알 수 있다. 또한 마이크로/나노 구조를 

가지는 PDMS 몰드로 같은 공정을 진행 한 경우 그 모양이 그대로 

전사되는 것을 확인함으로써 구조를 가지는 박막의 전사가 가능한 

결과를 보였다. 이러한 공정으로 제작된 마이크로 웰(well) 구조는 

내부의 표면은 친수성질을 가지고 벽면은 소수성질을 가지게 되므로 웰 

내부에만 단백질의 고정이 가능하였다. 단백질간의 면역반응과 형광 

이미지를 이용해 800 nm 지름의 웰 구조에 성공적으로 단백질의 

패터닝이 가능한 것을 확인하였고, 이는 대면적의 기판에 복잡한 

형상의 나노 박막을 빠르게 제작이 가능한 장점을 가진다. 본 결과는 

고분자 나노박막의 새로운 증착 방법과 그 활용방법을 제시한 의미가 

있다. 

 

다음으로는 능동적 움직임이 가능한 초소수성 섬모에 대한 연구를 

진행하였다. 이전의 결과에서 나노박막 패턴을 이용해 고정되어 있는 
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형상으로 젖음 특성을 조절하였다면, 본 연구는 외부의 자극에 반응 할 

수 있는 자성 복합구조를 이용하여 능동적으로 표면 특성이 가능한 

결과를 보였다. 자성을 가지는 철 입자를 반응입자로 사용하였고 PDMS 

고분자가 지지체로 이용되었다. 두 물질을 헥세인(Hexane)에 같은 

비율로 넣고 초음파분산기를 사용하여 균일하게 분산하였다. 그리고 

압력분사방식을 이용하여 혼합용액을 도포하게 되는데, 이때 기판의 

아래에 네오디뮴 자석을 이용하여 자기장이 존재하는 상태를 

만들어주었다. 분사된 용액은 자기장의 방향을 따라 정렬됨으로써 

고종횡비의 섬모구조를 만들게 되고, 탄소나노입자를 뒤이어 

도포함으로써 150°이상의 접촉각을 가지는 멀티스케일 초소수성 제작 

할 수 있었다. 본 연구에서는 자기장의 세기와 용액의 도포 양 및 

횟수에 따른 섬모 구조의 변화와 그에 따른 초소수성 성질의 변화를 

관찰하였다. 제작된 섬모는 외부 자기장에 의해 변형이 가능하였으며 

이를 이용해 액적의 흐름 방향 및 움직임을 즉각적으로 제어할 수 

있었다. 또한 저온 환경에서 섬모 표면에 발생하는 얼음입자들을 섬모 

자체의 움직임을 통해 제거 가능함을 보임으로써 다양한 응용이 가능한 

초소수성 섬모의 새로운 제작 방법을 제안하였다. 

 

마지막으로, 전기분사증착(Electrospray deposition, ESD) 공정을 

이용하여 고체산화물연료전지(Solid Oxide Fuel Cell, SOFC)의 요소들을 

증착하고, 이를 통해 하나의 소자로서 작동 가능한 셀을 제작하였다. 
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전기분사 공정은 압력분사공정에 비해 미세구조의 형성 및 형상 조절이 

용이하여 수 입자 수준의 증착이 가능한 장점을 가진다. 또한 고분자 

바인더의 함량에 따라 입자간의 연결구조가 달라지므로 다공성의 

구조와 밀한 박막 구조를 각각 제작 가능한 특성이 있다. 이러한 

특징을 이용하여 넓은 반응면적을 얻기 위한 다공성의 양극과 기체의 

투과를 막기 위한 밀한 구조의 전해질 박막을 제작할 수 있었다. 특히, 

고분자 바인더로 사용된 polyvinylburyral(PVB)의 양이 늘어남에 따라 

소결후의 전해질의 구조가 다공성의 구조에서 밀한 구조로 변화해 가는 

것을 확인할 수 있었다. 전기분사공정을 기존의 공정과 연계하여 

스크린 프린팅 공정으로 제작된 NiO-YSZ 기판 및 전해질 상에 양극을 

여러 가지 조건으로 증착 하여 형상에 따른 전기적 특성을 측정하였고, 

이를 통해 최적화된 양극 증착 조건을 확립할 수 있었다. 또한 

전기분사 공정만으로 제작된 소자에서도 650 ˚C 에서 660 mW/cm2 의 

결과를 얻을 수 있었다.  

 

주요어: 기능성 표면, 증착 공정, 탄성 불균형, 초소수성 표면, 자성 복

합체, 능동성 고분자 구조, 고체산화물 연료전지, 전기분사증착 

공정 
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