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Abstract 

Fabrication of functional 

nanostructures based on self-

assembled block copolymers and their 

application to optoelectronic devices 
 

Kim, Jin-Hyung 

Polymer Chemistry, Department of Chemistry 

The Graduate School 

Seoul National University 

 

The fabrication of nanostructured functional materials from block 

copolymer self-assembled nanostructures and their application to 

optoelectronic devices are presented. Because nanostructures of ZnO and 

TiO2 have unique optoelectronic properties, they have been widely studied 

as promising candidates for optoelectronic applications, including 

photocatalysts, sensors, and solar cells. In addition, polymer 

nanocomposites with well-dispersed functional nanomaterials are useful for 

their nature of enhancing efficiency of a given property. 

Diblock copolymers (BCPs), composed of two different polymers 

connected to each other with a covalent bond, form nanosize structures such 

as spheres, cylinders, lamellae, and micelles by microphase separation. The 
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morphology, size, and spacing of the nanostructures can be easily controlled 

by varying the volume ratios between the blocks and molecular weights. 

BCP nanostructures are useful to design nanostructured materials by using 

the BCP nanostructures as patterning masks for etching or as templates for 

the deposition or growth of materials. Moreover, micelles formed by BCPs 

can solubilize otherwise insoluble substances and can therefore be used to 

‘mix’ incompatible substances microscopically. They can also stabilize 

colloidal particles or form microemulsions. 

In this thesis, the fabrication of ZnO and TiO2 nanostructures with 

BCP nanostructures and the fabrication of polystyrene nanocomposites with 

well-dispersed fluorophores with BCP micelles are discussed. Because the 

ZnO nanostructures are prepared via a hydrothermal process, a process 

which is conducted at a low temperature, the method is applied to a flexible 

conductive substrate. Due to the good electron mobility of the ZnO and TiO2 

nanostructures, they are applied to solar cells. The semiconducting 

properties of the ZnO nanostructures are also characterized. In addition, the 

colors of the light emitted by light-emitting diodes are controlled by 

polystyrene nanocomposites, immiscible with polar substances, with well-

dispersed micelle-encapsulated polar fluorophores in them. 

In Chapter I, the usefulness and significance of nanomaterials are 

discussed and the theoretical background of BCPs is briefly introduced. 

Lastly, methods which are used to fabricate functional nanostructures using 

BCP nanostructures are discussed as well. 
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In Chapter II, we discuss the fabrication of ZnO nanorods and 

nanowalls with a method which combines BCP nanotemplates and a 

hydrothermal growth technique. ZnO nanostructures were controlled by 

means of the size and shape of the BCP templates. Two types of ZnO 

nanorods were fabricated with BCP cylindrical templates with different 

molecular weights, and ZnO nanowalls were fabricated with BCP lamellar 

templates. We showed that the method used is not only applicable to an 

amorphous ZnO seed layers but can also be applied to a ZnO single 

crystalline substrate. ZnO nanostructures were also fabricated on a 

conductive substrate, indium tin oxide, to apply them to organic solar cells 

as electrodes. We characterized the photovoltaic properties of the devices 

and confirmed that the ZnO nanostructures were effective as electron 

transporting materials. 

In Chapter III, we demonstrate the fabrication of ZnO nanorods and 

nanowalls directly on flexible substrates by combining a hydrothermal 

growth technique with nanoporous templates obtained from block 

copolymers. First, templates with cylindrical nanopores in two sizes and a 

template with nanogrooves were fabricated on flexible substrates by 

employing block copolymers with different molecular weights. From these 

nanotemplates, we synthesized vertically oriented ZnO nanorods with 

controlled diameters and ZnO nanostructures in a wall shape. Because the 

ZnO nanostructures were produced without an electrically insulating 

epitaxial layer, the semiconducting properties of the ZnO nanorods were 
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characterized as synthesized. Thus, this combined method of hydrothermal 

growth and block copolymer templates for ZnO nanostructures can be 

directly applied to flexible electronic devices without alteration of the 

substrate. 

In Chapter IV, we demonstrate the fabrication and the application of 

TiO2 nanorods and nanowall networks by combining a sol-gel method with 

BCP templates. As templates, perpendicularly oriented templates with 

cylindrical nanopores and nanowall networks were fabricated by the self-

assembly of BCPs. From these nanotemplates, TiO2 nanostructures were 

successfully fabricated by the dip-coating of a TiO2 precursor solution 

followed by CF4 etching and sintering processes, sequentially. The 

morphologies and the crystallinity of the TiO2 nanostructures were 

characterized with a microscopic technique and an X-ray analysis. To 

confirm the electronic properties of the TiO2 nanostructures, we synthesized 

perovskite materials and applied the nanostructures to perovskite solar cells 

as electrodes. From the photovoltaic properties, we confirmed that the 

synthesized nanostructures and perovskite materials were effective as 

electrodes and active layers, respectively. 

In Chapter V, we demonstrated that fluorescent dyes could be 

nanoscopically dispersed in a polymer matrix that was immiscible with the 

dyes; the dyes were encapsulated in micelles. Using a model polymer 

composite, we also showed that the color of light emitted by light-emitting 

diodes (LEDs) could be controlled by coating fluorescent polymer 
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composites onto the LEDs. For this purpose, fluorophores that were 

insoluble in toluene were solubilized into a solution of block copolymer 

micelles in toluene by the selective incorporation of fluorescent dyes into 

micellar cores. Because the micelles could be dispersed well in the polymer 

matrix without the formation of aggregates, fluorescent dyes encapsulated in 

the micelles were also effectively dispersed in the polymer matrix without 

macroscopic separation. The polymer composite can be evenly coated onto 

most substrates, regardless of their surface characteristics. Thus, light-

emitting devices with well-controlled emission wavelengths and emission 

intensities can be fabricated by coating the polymer composite onto the 

surface of the device. 

 

Keywords: 

Block Copolymer Nanostructures, Semiconductor Nanostructures, 

Low-Temperature Processes, Solar Cells, Flexible Devices, Fluorescent 

Polymer Nanocomposites 
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template consisting of a uniform monolayer of PB spherical 

microdomains on silicon nitride. PB wets the air and substrate 

interfaces. (B) Schematic of the processing flow when an 

ozonated copolymer film is used, which produces holes in silicon 

nitride. (C) Schematic of the processing flow when an osmium-

stained copolymer film is used, which produces dots in silicon 

nitride. (D) An SEM micrograph of a partially etched, ozonated 

monolayer film of spherical microdomains. After the continuous 

PS matrix at top was taken off (shown in B), the empty PI 

domains were exposed (as holes) and appear darker in the 

micrograph. (E) An SEM micrograph of hexagonally ordered 

arrays of holes in silicon nitride on a thick silicon wafer. The 

pattern was transferred from a copolymer film such as that in (D). 

The darker regions are ~ 20-nm-deep holes in silicon nitride, 
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Figure 1-6. A schematic representation of high density nanowire fabrication 
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hexagonal array of cylinders oriented normal to the film surface. 

(B) After removal of the minor component, a nanoporous film is 

formed. (C) By electrodeposition, nanowires can be grown in the 

porous template, forming an array of nanowires in a polymer 
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matrix. (D) SEM image of a fracture surface of an array of Co 

nanowires grown within an array of nanopores formed from 

block copolymers. The growth of the nanowires was terminated 

before the template was completely filled, and above the 

nanowires of Co is the unfilled array of nanopores. 
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Chapter II. Patterned Growth of ZnO Nanostructures in BCP 

Nanotemplates and Their Application to Organic 

Solar Cells 

Figure 2-1. Schematic illustration of the fabrication process: (a) transferring 

of the BCP film onto a ITO glass substrate having a ZnO seed 

layer covered with a PS adhesion layer; (b) selective removal of 

cylindrical nanodomains by UV irradiation; (c) hydrothermal 

growth of ZnO; (d) removal of the template by oxygen plasma; 

(e)spin-coating of active layers and deposition of a HTL and an 

metal electrode. 

Figure 2-2. FE-SEM images of nanoporous templates: (a) a template with 

cylindrical nanopores using PS(46)-PMMA(21); (b) a template 

with cylindrical nanopores using PS(64)-PMMA(35); (c) a 

template with nanogrooves using PS(80)-PMMA(80). Enlarged, 

side-view, and schematic images are also inserted. The scale bars 

in the images and in the inserted images are 1.0 um and 200 nm, 

respectively. 

Figure 2-3. FE-SEM side-view images of nanoporous templates prepared on 

ZnO seed layers: (a) a template with cylindrical nanopores using 

PS(46)-PMMA(21); (b) a template with nanogrooves using 

PS(80)-PMMA(80). Schematic images are also inserted. The 

scale bars in the images and in the inserted images are 200 nm. 
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Figure 2-4. FE-SEM images of ZnO nanostructures: (a) ZnO nanorods 

synthesized in the cylindrical nanopores using PS(46)-

PMMA(21); (b) ZnO nanorods synthesized in the cylindrical 

nanopores using PS(64)-PMMA(35); (c) ZnO nanowalls 

synthesized in the template with nanogrooves using PS(80)-

PMMA(80). Side-view and schematic images are also inserted. 

All the scale bars in both the images and the inserted images are 

200 nm. 

Figure 2-5. FE-SEM images of ZnO nanorods synthesized in the cylindrical 

nanopores using PS(46)-PMMA(21) on a single crystalline (c-

plane) ZnO substrate. Side-view image are also inserted. The 

scale bar in the image indicates 200 nm. 

Figure 2-6. X-ray diffraction patterns of ZnO nanostructures shown in 

Figure 2-4. A peak around 33° corresponds to Si (100). A ZnO 

seed layer does not show the crystalline peak of ZnO (002). 

Figure 2-7. J-V curve of P3HT:PCBM organic solar cells based on the ZnO 

nanorods synthesized in the cylindrical nanopores using PS(46)-

PMMA(21) (solid line) and the ZnO nanowalls synthesized in 

the template with nanogrooves using PS(80)-PMMA(80) (dashed 

line). 

Table 2-1. The photovoltaic parameters of the solar cells. Device 

configuration : glass/ITO/ZnO nanostructures on ZnO seed 

layers)/P3HT:PCBM/MoO3/Ag. 
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Chapter III. ZnO Nanorods and Nanowalls Directly 

Synthesized on Flexible Substrates with Block 

Copolymer Templates 

Figure 3-1. Schematic illustration of the fabrication process: (a) surface 

neutralization, spin coating of BCP, and thermal annealing; (b) 

detaching of the BCP film by dissolving the underlying SiO2 

layer with an aqueous hydrofluoric acid; (c) transferring of the 

BCP film onto a flexible substrate having a ZnO seed layer 

covered with a PS adhesion layer; (d) selective removal of 

cylindrical nanodomains by UV irradiation; (e) hydrothermal 

growth of ZnO; (f) removal of the template by oxygen plasma. 

Figure 3-2. FE-SEM images of nanoporous templates: (a) a template with 

cylindrical nanopores from PS(46)-PMMA(21); (b) a template 

with cylindrical nanopores from PS(64)-PMMA(35); (c) a 

template with nanogrooves from PS(80)-PMMA(80). Enlarged, 

side-view, and schematic images are also inserted. The side view 

images are false colored (blue for a PET substrate and light blue 

for an ITO electrode with a ZnO seed layer). The scale bars in 

the images and in the inserted images are 1.0 mm and 200 nm, 

respectively. 

Figure 3-3. FE-SEM images of ZnO nanostructures on flexible substrates: (a) 

ZnO nanorods synthesized from the template shown in Figure 2-
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2a; (b) ZnO nanorods synthesized from the template shown in 

Figure 2-2b; (c) ZnO nanowalls synthesized from the template 

shown in Figure 2-2c. Side-view and schematic images are also 

inserted. The side-view images are false colored (blue for a PET 

substrate and light blue for an ITO electrode with a ZnO seed 

layer). Photographs of the flexible substrates having ZnO 

nanostructures (colored area in the middle part) bent by tweezers 

are displayed together. All scale bars are 200 nm. 

Figure 3-4. X-ray diffraction patterns of ZnO nanostructures shown in 

Figure 2-3. A peak around 30 o corresponds to ITO (222) and two 

broad peaks around 47 o and 54 o are associated with a PET 

substrate. A ZnO seed layer does not show the crystalline peak of 

ZnO (002). 

Figure 3-5. TEM images: (a) ZnO nanorod; (b) ZnO nanowall. The scale 

bars are 100 nm. 

Figure 3-6. UV-Vis spectra of ZnO nanorods (blue) and ZnO nanowalls 

(green) on a flexible substrate. Absorptions below 320 nm are 

associated with the PET substrate. 

Figure 3-7. I-V curve of ZnO nanorods shown in Figure 2-3b on a flexible 

PET substrate having an ITO electrode. 
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Chapter IV.  TiO2 Nanostructures Synthesized with Block 

Copolymer Templates and Their Application to 

Solar Cells 

Figure 4-1. Schematic illustration of the fabrication process:spin coating of 

BCP, and thermal or solvent annealing; (b) Selective removal of 

cylindrical nanodomains by UV irradiation; (c) Dip-coating of 

TiO2 sol-gel solution; (d) Removal of the top layer by CF4 RIE; 

(e) Calcination; (f) Spin-coating of MAPbI3 and spiro-OMeTAD, 

and deposition of an Ag electrode. 

Figure 4-2. FE-SEM images of nanoporous templates: (a) a template with 

cylindrical nanopores using PS(46)-PMMA(21); (b) a template 

with double layers of nanogrooves using PS(80)-PMMA(80). 

Enlarged, side-view, and schematic images are also inserted. The 

scale bars in the images and in the inserted images are 1.0 um 

and 200 nm, respectively. 

Figure 4-3. FE-SEM images of TiO2 nanostructures: (a) TiO2 nanorods 

synthesized from the template shown in Figure 3-2(a); (b) TiO2 

nanowalls synthesized from the template shown in Figure 3-2(b). 

Enlarged, side-view, and schematic images are also inserted. The 

scale bars in the images and in the inserted images are 1.0 um 

and 200 nm, respectively. 

Figure 4-4. XRD data of (a) TiO2 nanorods shown in Figure 5-3(a); (b) TiO2 
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nanowalls shown in Figure 5-3(b). A peak around 51 o 

corresponds to Si (100). 

Figure 4-5. Optical properties and FE-SEM images of MAPbI3 on a TiO2 

nanowalls array on a quartz/TiO2 thin film: (a) UV-Vis 

absorption (dashed line) and PL emission (solid line) spectra; (b) 

side-view, and schematic images are also inserted. The scale bars 

in the image and in the inserted image are 10 um and 200 nm, 

respectively. 

Figure 4-6. J-V curve of perovskite solar cells based on (a) TiO2 thin film 

(solid line); (b) TiO2 nanorods (dashed line); (c) TiO2 nanowall 

networks (dotted line). 

Table 4-1. The photovoltaic parameters of the solar cells. Device 

configuration : glass/ITO/(TiO2 thin film or TiO2 nanostructures 

on TiO2 thin film)/MAPbI3/spiro-OMeTAD/Ag. 
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Chapter V. Dispersion of Micelle-Encapsulated Fluorophores 

in a Polymer Matrix for Control of Color of Light 

Emitted by Light-Emitting Diodes 

Figure 5-1. (a) Molecular structures of R123 and S101, (b) solutions of 

micelle-encapsulated dyes in toluene, (c) blended films of PS 

homopolymers and micelle-encapsulated dyes, and (d) 

composites of PS homopolymers and micelle-encapsulated dyes 

coated on blue LEDs. 

Figure 5-2. UV–vis and PL spectra of solutions of PS-PVP micelle-

encapsulated dyes in toluene: (a) R123 and (b) S101. The inset is 

a photograph of a sample under sunlight (left) and UV light 

(right). The excitation wavelength was 442 nm. 

Figure 5-3. UV–vis and PL spectra of blended films of PS homopolymers 

and PS-PVP micelle encapsulated dyes: (a) R123 and (b) S101. 

The inset shows the photographs of a sample under sunlight (left) 

and UV light (right). The excitation wavelength was 442 nm. 

Figure 5-4. Cross-sectional TEM images of blended films of PS 

homopolymers and PS-PVP micelle-encapsulated dyes: (a) R123 

and (b) S101. 

Figure 5-5. PL spectra and photographs of composites of PS homopolymers 

and PS-PVP micelle-encapsulated dyes coated on GaN LEDs: (a) 

R123 and (b) S101. The excitation wavelength was 460 nm. 
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Chapter I. 

Introduction 
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1-1. Motivation 

The field of nanotechnology has received increasing attention over 

the last 20 years, and the number of publications in nanotechnology has 

grown exponentially, as shown in Figure 1-1 [1]. As a consequence, devices 

such as a memory and semiconducting circuits got highly integrated, and 

ubiquitous systems have been realized. 

Nanomaterials such as nanowires, nanobelts, nanorods, 

nanoparticles, nanotubes, and aggregates typically have several nanometers 

(10-9 m) scale. Due to their small sizes, unique properties which cannot be 

observed in bulk materials become apparent. Because both the size and 

shape of nanomaterials play important roles in establishing the properties of 

these materials, there has been a tremendous amount of research on 

controlling the sizes and shapes of the nanomaterials [2-4]. 

Among the many types of nanomaterials, nanostructured materials 

in thin films have been studied rigorously for application to electronic 

devices such as photovoltaic cells, nanogenerators, and photocatalysts [5-8]. 

Semiconducting materials such as ZnO, TiO2, and CdSe, etc. have been used 

in such studies, and the shapes and sizes of the materials have been 

controlled by masks and templates made with ‘top-down’ approaches [9-12]. 

However, the ‘top-down’ approaches require expensive instruments with 

heavy processes although traditional problems such as the limited 

dimensions of nanostructures and the limitation on an applied area have 
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been solved with lithographical techniques such as immersion lithography 

and laser interference lithography. 

A lithographical use of block copolymer (BCP) nanostructures can 

be a solution for such problems because BCPs can be self-assembled in a 

large area easily by thermal annealing or solvent vapor annealing without 

the requirement of any expensive instruments. Therefore, many research 

papers related to BCP lithography have been published, and researchers are 

currently concentrating on making patterns less than 10 nm in size through 

directed self-assembly [13]. BCP nanostructures can be used as both etching 

masks and templates for growth or deposition processes [13-17]. Moreover, 

BCP micelles can be used for the solubilization of otherwise insoluble 

substances and for microscopically ‘mixing’ incompatible substances. 

Moreover, they can stabilize colloidal particles or form microemulsions [18]. 

In this thesis, we controlled ZnO and TiO2 nanostructures by a 

combination of low-temperature processes such as a hydrothermal process 

or a sol-gel process with BCP templates. Specifically, ZnO nanorods and 

nanowalls were grown hydrothermally in perpendicularly oriented BCP 

cylindrical and lamellar templates while TiO2 nanorods and nanowalls were 

prepared by a sol-gel method guided by the BCP templates. The 

nanostructures were then applied to organic and perovskite solar cells as 

electrodes. Because the hydrothermal growth method for making ZnO 

nanostructures is conducted at a temperature of less than 100 °C, the 

fabrication method was used to fabricate ZnO nanostructures on a flexible 
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substrate and the semiconducting property was measured. Moreover, 

fluorophores, which are not miscible with polystyrene (PS) matrices, were 

evenly dispersed in the PS matrices by incorporation in BCP micelle cores. 

The PS nanocomposites with the fluorophore-encapsulated micelles in them 

were used to tune the emitting colors of blue light-emitting diodes as a 

model system. 

 

1-2. Nanostructures and dispersions of functional materials 

 When the size of a material is on the nanometer scale, properties 

that cannot be found from bulk materials start to appear. First, in 

semiconductors the nanoscale becomes important due to the quantum 

confinement of the electrons. As the particle size decreases below the Bohr 

radius of the semiconductor material used, the electron becomes more 

confined in the particle. This leads to an increase in the band-gap energy. 

Furthermore, the valence and conduction bands break into quantized energy 

levels. This makes it possible to control the absorption and emission 

throughout the visible range [3,19]. Figure 1-2 shows the optical properties 

of the nanoparticles, which are dependent on the sizes and shapes of the 

nanoparticles. 

Second, the enlarged surface area of nanostructured materials leads 

to an increase in the efficiency of electron extraction in photovoltaic cells 

[5,6], to an increase in the electrical energy storage capacity [7], and to 
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greater reactivity of the photocatalysts [20]. 

In addition, as the size or shape of the nanoparticles of noble metals 

changes, the observed color also changes due to the collective oscillation of 

the electrons in the conduction band. This phenomenon is known as surface 

plasmon oscillation. The oscillation frequency is usually in the visible 

region for gold and silver, giving rise to strong surface plasmon resonance 

absorption [19,21-23]. This phenomenon is useful for studying surface-

enhanced fluorescence and surface-enhanced Raman scattering [24]. 

 With regard to nanocomposites, nanometer-sized filler materials, 

with their inherently large surface-area-to-volume ratios, are particularly 

interesting as they facilitate increasing efficiency of a given property (i.e., 

reduced amount of additive materials are needed to achieve a desired 

property or a certain level of the enhancement of a property). Moreover, due 

to the small size of the filler, certain properties can be modified while not 

affecting others, such as mechanical enhancement while maintaining optical 

transparency. The exploitation of nanometer-size specific properties of 

matter, e.g., the luminescence of semiconductor nanocrystals, also offers a 

host of new composite types [25,26]. 

 

1-3. Block copolymers and orientation control in block 

copolymer thin films 

Block copolymer (BCP) is a polymer which consists of two or more 
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polymers which differ from each other and which are connected by one or 

more covalent bonds. BCP is self-assembled into various morphologies 

whether in bulk states, in thin film states, and in solutions. Specifically, 

diblock copolymer, composed of two different polymers connected to each 

other with a covalent bond, forms nanosize structures such as spheres, 

cylinders, lamellae, and micelles by microphase separation. Figure 1-3 

shows examples of the structures formed by diblock copolymers. 

The basic parameters that determine the size and the morphology of 

the microdomains formed by microphase separation are the degree of 

polymerization N (N=NA+NB), the composition f (fA=NA/N), and the Flory-

Huggins interaction parameter χAB. Typical dimensions of microdomains are 

10-100 nm, depending on the molecular weight of the polymer [27]. χ is a 

term the value of which proportional to the enthalpy of the demixing of the 

constituents of the block copolymers to induce microphase separation. In 

addition, χ has been found to be inversely proportional to the temperature. It 

is usually parameterized as χ=A/T+B [18,28]. 

 Three regimes have been defined depending on the extent of the 

segregation of the blocks: the weak (χN≈10), intermediate (χN≈10-100) and 

strong segregation (χN ≥100) regimes. At the weak segregation limit, the 

composition profile is approximately sinusoidal; i.e., the volume fraction of 

one of the blocks varies sinusoidally about the average value. As χN 

increases, the profile becomes sharper, with a narrower interphase between 

blocks and saturation of the composition such that at the strong segregation 
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limit, the domains contain essentially pure components. The phase behavior 

at the strong segregation limit depends largely on the composition of the 

copolymer f. However, for weakly segregated copolymers, in addition to f 

and χN, the degree of polymerization, N, is an independent variable relevant 

to the phase behavior. It controls composition fluctuations which are 

important for block copolymers near the order-disorder transition [18,29]. 

Figure 1-4 is a phase separation diagram which shows the phase separation 

behavior of polystyrene-polyisoprene (PS-PI) block copolymer according to 

the values of f and χN [30]. 

 In thin film states, BCPs are also self-assembled into various 

structures, as in the bulk states, and f and χN still play important roles in the 

formation of the resulting morphologies. In addition, many other factors 

affect the orientation of BCP nanostructures. For example, the orientation 

and alignment of BCP nanodomains can be controlled by factors such as the 

thickness of the BCP films [31], the roughness of the substrates [32], the 

annealing temperature [33,34], the surface energy of the substrates [35-39], 

and the applied shear force [40]. The surface energy of substrates are 

typically controlled by self-assembled monolayers such as PETS [35], 

MPTS [36], and OTS [37], as well as random copolymers [38], and even by 

changing the amount of the reduction of graphene oxide layers [39]. 

Perpendicularly oriented BCP nanostructures are useful in the design of 

nanostructured materials through their use as patterning masks for etching 

or as templates for the deposition of materials [13-17]. 
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 When BCPs are mixed with a solvent that is selective for one of the 

blocks, the formation of micelles occurs. Micellization occurs in dilute 

solutions of block copolymers in a selective solvent at a fixed temperature 

above a concentration called the critical micelle concentration (cmc) [41]. 

The formation of micelles is one of the most important and useful properties 

of block copolymers. For example, micelles formed by block copolymers 

can solubilize otherwise insoluble substances, they can be used to 

microscopically ‘mix’ incompatible substances, and they can stabilize 

colloidal particles or form microemulsions [18]. 

 

1-4. Fabrication of functional nanostructures with block 

copolymer nanostructures 

BCPs can be utilized to control the sizes and shapes of 

nanostructured materials. 

 First, nanostructured functional materials can be synthesized by the 

pattern transfer of BCP nanostructures or by deposition or growth processes 

in BCP nanostructures as templates. M. Park, et al. reported that periodic 

arrays of 1011 holes in 1 cm2 can be fabricated by means of BCP lithography 

with BCP nanostructures as masks (Figure 1-5) [42], while T. Thurn-

Albrecht, et al. reported that ultrahigh-density Co nanowire arrays can be 

grown in self-assembled BCP templates (Figure 1-6) [43]. Since these 

results were reported, BCP nanostructures have been used to fabricate 
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nanostructures of functional materials [13-17]. 

Second, BCP nanostructures and BCP micelles can guide 

nanoparticle arrays by incorporating metal nanoparticles or metal precursors 

into selective domains. It is possible to control nanoparticle arrays in bulk or 

thin films with the amount of chemical affinity between incorporated 

nanoparticles and BCP domains [44-47]. Differences in the refractive 

indices between nanoparticle-incorporated domains and polymer domains 

leads the BCP films with nanoparticles to show the properties of photonic 

crystals [48,49]. In addition, because BCP micelles can incorporate metal 

precursors into micelle cores and provide arrays with a uniform 

interdistance, they have also used to control nanoparticle arrays. Numerous 

results related to arrayed nanoparticles prepared with BCP micelles have 

been reported, and arrayed nanoparticles have been applied to many 

applications, including memory devices [50-52]. 

Lastly, because micelles can solubilize otherwise insoluble 

substances, they can be used to ‘mix’ incompatible substance in polymer 

matrices microscopically [53-54]. This is attributed to the incorporation of 

functional materials in the micellar cores [55]. This enables functionalities 

such as luminescence in polymer nanocomposites [56]. 
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Figure 1-1. Evolution of the number of articles and conference papers in 

nanotechnology: 1982-2012 [1]. 
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Figure 1-2. Fluorescence emission of (CdSe)ZnS quantum dots of various 

sizes and absorption of various sizes and shapes of gold nanoparticles [19]. 
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Figure 1-3. Common morphologies of microphase-separated block 

copolymers: body centered cubic (bcc) packed spheres(BCC), hexagonally 

ordered cylinders (HEX), gyroid (Ia3d), hexagonally perforated layers 

(HPL), modulated lamellae (MLAM), lamellae (LAM), cylindrical micelles 

(CYL), and spherical micelles (MIC) [27]. 
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Figure 1-4. χN versus f
PI

 diagram for PI-PS diblock copolymers. Open and 

filled circles represent the order-order (OOT) and order-disorder (ODT) 

transitions, respectively. The dash-dot curve is the mean field prediction for 

the ODT. Solid curves have been drawn to delineate the different phases 

observed but might not correspond to precise phase boundaries. Five 

different ordered microstructures (shown schematically) have been observed 

for this chemical system [30]. 
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Figure 1-5. (A) Schematic cross-sectional view of a nanolithography 

template consisting of a uniform monolayer of PB spherical microdomains 

on silicon nitride. PB wets the air and substrate interfaces. (B) Schematic of 

the processing flow when an ozonated copolymer film is used, which 

produces holes in silicon nitride. (C) Schematic of the processing flow when 

an osmium-stained copolymer film is used, which produces dots in silicon 

nitride. (D) An SEM micrograph of a partially etched, ozonated monolayer 

film of spherical microdomains. After the continuous PS matrix at top was 

taken off (shown in B), the empty PI domains were exposed (as holes) and 

appear darker in the micrograph. (E) An SEM micrograph of hexagonally 

ordered arrays of holes in silicon nitride on a thick silicon wafer. The pattern 

was transferred from a copolymer film such as that in (D). The darker 

regions are ~ 20-nm-deep holes in silicon nitride, which have been etched 

out [42]. 
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Figure 1-6. A schematic representation of high density nanowire fabrication 

in a polymer matrix. (A) An asymmetric diblock copolymer annealed above 

the glass transition temperature of the copolymer between two electrodes 

under an applied electric field, forming a hexagonal array of cylinders 

oriented normal to the film surface. (B) After removal of the minor 

component, a nanoporous film is formed. (C) By electrodeposition, 

nanowires can be grown in the porous template, forming an array of 

nanowires in a polymer matrix. (D) SEM image of a fracture surface of an 

array of Co nanowires grown within an array of nanopores formed from 

block copolymers. The growth of the nanowires was terminated before the 

template was completely filled, and above the nanowires of Co is the 

unfilled array of nanopores [43]. 
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Chapter II. 

Patterned Growth of ZnO 

Nanostructures in BCP 

Nanotemplates and Their 

Application to Organic Solar Cells 
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2-1. Introduction 

ZnO is an oxide semiconductor with a wide bandgap and a large 

exciton binding energy [1,2]. Its band structure can be effectively controlled 

by doping. In addition, it is stable in air, transparent, environmentally-

friendly, and inexpensive. These features make ZnO suitable for 

optoelectronic and energy harvesting devices, such as light emitting diodes 

[3], field emission displays [4], solar cells [5], and piezoelectric generators 

[6]. Particularly, one-dimensional nanostructures of ZnO have been widely 

studied for such applications [7]. 

ZnO nanorods, typical one-dimensional nanostructures, can be 

synthesized by various techniques, including vapor-liquid-solid growth 

using nanosized catalysts [8] and chemical vapor deposition with metal 

organic precursors [9]. In recent years, a hydrothermal method has been 

extensively employed to synthesize ZnO nanorods. This method permits the 

growth of ZnO nanorods at low temperatures in aqueous solutions of Zn 

salts without requiring expensive vacuum apparatuses [10]. 

 For the hydrothermal growth of ZnO nanorods in a vertical 

orientation, a crystalline seed layer is required [11]. However, to obtain a 

seed layer of crystalline ZnO, a high-temperature process is necessary [12], 

which affects electrical property of the underlying electrodes such as an ITO 

glass substrate [13]. Furthermore, for the epitaxial growth of a crystalline 

ZnO seed layer, a crystalline substrate, such as GaN or sapphire, is essential 
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[14]. However, such epitaxial substrates are not conductive, therefore ZnO 

nanorods grown on them cannot be directly used for electronic applications 

[15]. 

Instead of crystalline ZnO, an amorphous ZnO seed layer without 

an epitaxial substrate can be synthesized at a relatively low temperature. 

However, ZnO nanorods produced on an amorphous seed layer are not 

vertically oriented after the hydrothermal growth [16]. A patterned growth 

of ZnO, which combines the hydrothermal growth technique with a 

patterned template, can generate a vertically oriented ZnO structure 

regardless of the quality of a seed layer [15]. However, the patterned growth 

of ZnO requires nanoscale templates that are mostly fabricated by e-beam 

lithography, nanoimprint lithography, and photolithography[11,12,14,17-19]. 

Because of the nature of the serial process, the e-beam technique is not 

efficient to pattern a large area [2]. As an alternative, 193-nm immersion 

lithography and laser interference lithography can be used to produce a 

nanoscale template over a large area. However, such lithography techniques 

require expensive instruments with heavy processes. It was reported that the 

areal density of ZnO nanorods was effectively controlled by limiting the 

mass transfer with a polymer thin film without a patterned template [20]. 

The mass-transfer limiting method with a polyelectrolyte multilayer is 

compatible with spin or spray coating in a large area, although it does not 

provide precise control over inter-rod spacings or rod dimensions. The 

utilization of a template produced by a block copolymer in the hydrothermal 
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growth can be a potential solution for the efficient growth of ZnO nanorods 

with controlled spacings and dimensions. 

Block copolymers consist of two or more covalently connected 

polymers (i.e., blocks). They spontaneously assemble into various 

nanostructures, including spheres, cylinders, and lamellae, with sizes 

typically in the range of a few tens of nanometers [21]. These nanostructures 

have been intensively used as etching masks and templates, which are 

created by the selective removal of one of the blocks [22]. Arrayed micelles 

of block copolymers have been also employed to control the fabrication of 

ZnO nanorods [23,24]. Block copolymer micelles were utilized to 

synthesize gold nanodots which were then used as catalysts for VLS growth 

of ZnO nanorods [23], although the VLS method is less amenable to large 

area applications. Block copolymer micelles were also directly utilized as a 

template for the hydrothermal growth of ZnO nanorods in one step process 

which is applicable to large area device applications [24]. If a well-

established method of block copolymer templates is used with a 

hydrothermal process, this combined method can also provide ZnO 

nanorods with uniform diameters over a large area enough for device 

applications, although multiple steps are necessary. 

ZnO nanorods synthesized with a hydrothermal growth have been 

used for fabricating organic, quantum dot, or organic-inorganic hybrid solar 

cells as electrodes or an n-type material [13,25,26]. However, the orientation 

and dimensions of the ZnO nanorods used for such solar cells have not been 
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controlled by vertically aligned BCP templates though ZnO nanorods 

controlled by arrayed micelles were used to fabricate hybrid solar cells [24]. 

In this study, we first demonstrated the fabrication of uniform ZnO 

nanorods by the hydrothermal growth of nanorods in a nanotemplate 

obtained from perpendicular cylinders of block copolymers. In addition, 

ZnO nanowalls on a flexible substrate were also produced by employing the 

perpendicular lamellae of block copolymers. Since the ZnO nanostructures 

were directly established on an electrically conductive indium tin oxide 

(ITO) electrode, they were used as electrodes for P3HT:PCBM organic solar 

cells and the photovoltaic properties of the solar cells were characterized. 

The photovoltaic properties indicate that the ZnO nanostructures controlled 

by the block copolymer templates are applicable to electronic devices. 

 

2-2. Experimental Section 

Materials 

Block copolymers (BCPs) of polystyrene-poly(methylmethacrylate), 

PS(46)-PMMA(21), PS(64)-PMMA(35), and PS(80)-PMMA(80) were 

purchased from Polymer Source. The numbers in the parentheses are the 

average molecular weights in kg/mol. The polydispersity index (PDI) is 1.09 

for each BCP. PS(5)-PMMA(5) (PDI=1.18) was also acquired for blending 

with these BCPs. Phenethyltrichlorosilane (PETS), zinc acetate dihydrate, 

ethanolamine, zinc nitrate hexahydrate, hexamethylenetetramine (HMTA), 
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and anhydrous toluene (Sigma-Aldrich) were used without further 

purification. 2-Methoxyethanol was purchased from Kanto Chemical. 

Poly(3-hexylthiophene-2,5-diyl) (P3HT) was obtained from Rieke metals, 

Phenyl-C61-butyric acid methyl ester (PCBM) was purchased from Nano-C. 

 

Transferring of BCP Films and Fabrication of Nanoporous Templates 

To avoid damaing the ZnO thin layers which can be damaged by 

acids easily during the surface neutralization process, we fabricated each 

BCP film on a Si wafer with a SiO2 layer (300 nm; Si/SiO2 hereafter). Each 

BCP film was subsequently transferred to the ITO substrates with the ZnO 

thin layers on them. Si/SiO2 substrates were cleaned in a piranha solution 

(i.e., a 70:30 v/v solution of concentrated H2SO4:H2O2) at 90 °C for 30 min, 

thoroughly rinsed with deionized water several times, and blown dry with 

nitrogen. Then, to prepare the required neutral surface for the perpendicular 

nanodomains of PS-PMMA [27], we modified the surface of a Si/SiO2 

substrate with PETS as described in the literature [28]. Each PS-PMMA 

BCP film was spin-coated on the neutralized surfaces (typically at 4,000 

rpm for 60 s) from 3.0 to 5.0 wt% toluene solutions of PS-PMMA. Then, 

each film was thermally annealed at 230 °C for 4 h to induce the formation 

of the perpendicular nanodomains of the BCPs. For a simpler process, a 

small molecular weight BCP of PS(5)-PMMA(5) was blended with PS(46)-

PMMA(21) and PS(64)-PMMA(35) at a weight ratio of 3 to 10 [29]. 

After BCP film fabrication, the underlying SiO2 layer was dissolved 
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with a 20% aqueous solution of hydrofluoric acid [30]. After detachment, 

sufficient water was immediately added to the HF solution to float the BCP 

film and to dilute the solution. Then, the film was transferred onto an ITO 

substrate by immersing the substrate under the film and gently pulling it out 

with the film from water. Subsequently, the film was fully dried at room 

temperature. Before transferring, an amorphous ZnO seed layer (~50 nm 

thick) was synthesized on the ITO electrode by two repeats of spin-coating 

of a 0.5 M solution of zinc acetate dihydrate in a mixture solvent (97:3 v/v 

of 2-methoxyethanol and ethanolamine) [26] and baking the whole on a 

hotplate setting at 200 °C for 10 min to evaporate the solvent. In addition, a 

thin layer of 0.2 wt% polystyrene (in toluene) was spin-coated at 4,000 rpm 

for 60 s as an adhesive layer on the ZnO seed layer. The polystyrene layer 

on the ZnO seed layer was exposed to oxygen plasma (40 mTorr, 80 W) for 

1 s before the BCP film in order to promote the adhesion. From the BCP 

film transferred onto an ITO substrate, the nanodomains of the PMMA 

blocks in the BCP film were selectively removed with UV irradiation 

followed by a 2-methoxyethanol wash at room temperature [31] to produce 

a nanoporous template on a flexible substrate. 

 

Synthesis of ZnO Nanostructures from Nanoporous Templates 

ZnO nanorods and nanowalls were synthesized from nanoporous 

templates, which were fabricated on flexible substrates using BCP films. 

First, the nanoporous templates were exposed to oxygen plasma (40 mTorr, 
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80 W) for 3 s, which imparted hydrophilic properties to the templates and 

removed the adhesive layer on the ZnO seed layer in the pores. The 

nanoporous template was placed upside-down in a 0.1 M aqueous solution 

of a 1:1 mixture of zinc nitrate hexahydrate and HMTA [32]. Then, the 

hydrothermal growth of ZnO was carried out at 90 °C for 20-30 min to 

obtain nanorods and nanowalls. After oxygen plasma treatment to remove 

the templates (40 mTorr, 100 W) for 30 s at room temperature, the ZnO 

nanorods and nanowalls on flexible substrates were produced. 

 

Fabrication of organic solar cells 

 All the processes for fabrication of solar cells were conducted in a 

nitrogen atmosphere. First, a chlorobenzene solution of P3HT and PCBM 

was prepared by dissolving 35 mg of P3HT and 21 mg of PCBM in 1 g of 

chlorobenzene and agitated on a heating plate set for 60 °C for 12 h. The 

solution was spin-coated on the ZnO nanostructures on ITO substrates 

(2,000 rpm, 40 s). Then, the samples were thermally annealed at 150 °C for 

10 min. on a heating plate. The devices were completed by the thermal 

evaporation of 2 nm MoO3 layers as hole transporting layers (HTLs) and 80 

nm Ag layers as electrodes, sequentially. 

 

Characterization 

Field-emission scanning electron microscopy (FE-SEM) was 

performed on a Hitachi S-4300 at 15 kV. X-ray diffraction patterns were 
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obtained on a D8-Advance with Cu Kα1 radiation. The photocurrent–

voltage (J–V) curves were characterized with a solar cell measurement 

system (K3000: McScience, Korea) under a solar simulator (Xenon lamp, 

air mass (AM) 1.5, 100 mW cm−2). 

 

2-3. Results and Discussion 

Based on their self-assembled nanodomains, the well-controlled 

pores of BCPs provided nanoporous templates [21,22]. To induce 

perpendicularly oriented nanodomains, it is necessary to neutralize the 

surfaces with self-assembled monolayers (SAMs) or random copolymers. 

[28] . However, HCl formed during preparation of SAMs can result in 

dissolution of ZnO layers. Thus, we first fabricated BCP films on 

chemically stable Si/SiO2 substrates. Then, a BCP film with cylindrical or 

lamellar nanodomains in perpendicular orientations was transferred to 

substrates with a ZnO seed layer. After selectively removing the 

nanodomains from the BCP film, we obtained a nanoporous template with 

well-controlled pores as shown in Figure 2-1. The procedures of this process 

are detailed in the experimental section. 

The FE-SEM images in Figure 2-2 show nanoporous templates on 

Si/SiO2 substrates, which were fabricated from PS(46)-PMMA(21), PS(64)-

PMMA(35), and PS(80)-PMMA(80). In Figures 2-2a and 2-2b, the 

hexagonally ordered cylindrical nanopores are clearly visible in the enlarged 
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images. The average diameter and the center-to-center distance of the 

nanopores were 13 nm and 35 nm, respectively, in Figure 2-2a and 20 nm 

and 54 nm in Figure 2-2b. The nanopore diameters and center-to-center 

distances were controlled by changing the BCP molecular weights; this also 

allowed for the adjustment of ZnO nanorods. In the side-view images shown 

in Figures 2-2a and 2-2b, the nanopores are well-established from the top to 

the bottom of both templates. The thickness (~200 nm) of the template 

fabricated from PS(46)-PMMA(21) was larger than that (~100 nm) from 

PS(64)-PMMA(35). 

For the PS(80)-PMMA(80) BCP, which forms lamellar 

nanodomains, a template with nanogrooves in a fingerprint pattern was 

obtained, as shown in Figure 2-2c. Thus, nanoporous templates with 

cylindrical nanopores in two different sizes and with nanogrooves were 

successfully fabricated on Si/SiO2 substrates by surface neutralization and 

thermal annealing. 

The FE-SEM images in Figure 2-3 are the nanoporous templates 

after the transferring and selective etching process. From the images, it can 

be noted that there is no deformation or damage of the BCP templates 

during the transferring process. The pores are connected from the top to the 

bottom, and the ZnO seed layers are also visible which indicate that it is not 

dissolved during the transferring and etching process. 

Figure 2-4 shows FE-SEM images of ZnO nanostructures fabricated 

from the nanoporous templates shown in Figure 2-3. In the top-view images 
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of ZnO nanorods (Figures 2-4a and 2-4b), the tops of hexagonally arranged 

nanorods were only visible because of the well-aligned vertically oriented 

nanorods as was also confirmed in the side-view images. The average 

diameter and the center-to-center distance of nanorods were 24 nm and 35 

nm, respectively, in Figure 2-4a and 35 nm and 54 nm in Figure 2-4b. The 

center-to-center distances of the nanorods, as shown in Figures 2-4a and 2-

4b, were equal to those of the nanopores shown in Figures 2-2a and 2-2b, 

respectively. Thus, each nanopore of the templates produced one ZnO 

nanorod. This showed that nanorod dimensions were controllable using 

templates with different nanopore dimensions. The average diameters of the 

nanorods were larger than those of the nanopores of the templates, 

presumably because the nanoporous templates softened during the 

hydrothermal growth of ZnO and because real diameters of the nanopores 

were larger than the observed values due to sputtered Pt for the FE-SEM 

measurement. The average length of the nanorods (~160 nm) shown in 

Figure 2-4a was larger than that (~100 nm) of the nanorods shown in Figure 

2-4b due to the different thicknesses between the two templates. We note 

that there was a ZnO nanorod length distribution of rods grown from the 

same template, presumably due to different growth start times. 

A ZnO nanowall structure was also produced with the nanogrooved 

template (Figure 2-3b). In the top-view image of Figure 2-4c, the fingerprint 

pattern of the ZnO nanowalls are visible. The average width of nanowalls 

was 50 nm, and they were separated by 20 nm. The period (~70 nm) of the 
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nanowalls was similar to that of the nanogrooves. However, the nanowalls 

were thicker than the nanogrooves because of the same reason why the 

nanorods were larger than the nanopores. The side-view image in the inset 

of Figure 2-4c shows ZnO nanowalls with heights of ~100 nm. 

 Since single crystalline ZnO substrates assure an epitaxial growth of 

ZnO by a hydrothermal method and a physical vapor deposition (PVD), 

they have been used for the growth of ZnO nanostructures in templates. [18] 

To verify if the method used in this study works well to control the growth 

of ZnO nanorods, ZnO nanorods were grown in the BCP template on a 

single crystalline ZnO substrate. As shown in Figure 2-5, the well-aligned 

vertically oriented nanorods were fabricated which can be noticed from the 

tops of hexagonally arranged nanorods and from the side-view images as 

well. A degree of uniformity of the nanorods is better than that of the 

nanorods controlled on the ZnO seed layers although there still exists the 

distribution of length of the nanaorods due to different growth start times. 

The crystalline structure of the ZnO nanostructures was confirmed 

by X-ray diffraction (Figure 2-6). First, it can be noticed that the ZnO seed 

layers are amorphous because there are no peaks besides a peak around 33° 

which corresponds to Si (100). This result matches well with the result 

reported previously. [33] The sharp peak at 34.4o in Figure 2-6 is a 

characteristic peak of hexagonal ZnO wurtzite (002) with a lattice spacing 

of 0.260 nm, which is in good agreement with the 0.2603 nm JCPDS 36-

1451 standard. The predominant and narrow (002) peak also implied that the 
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ZnO nanostructures were oriented in the vertical plane as in the FE-SEM 

images of Figure 2-4. 

 Since ZnO has a good electron mobility and transparency, ZnO 

nanostructures can act as electrodes for organic solar cells to extract 

electrons efficiently. [25,34] The ZnO nanostructures fabricated here 

applied to organic solar cells with blended films of P3HT and PCBM as 

active layers. Figure 2-7 is the J-V curve of the organic solar cells based on 

the ZnO nanostructures controlled by the BCP templates. As shown in 

Figure 2-7 and Table 2-1, power conversion efficiency (PCE), open circuit 

voltage (Voc), short circuit current (Jsc), and fill factor (FF) of the sample 

with the ZnO nanorods are 0.86 %, 0.38 V, 6.28 mA/cm2, and 35.9 %, 

respectively. 1.22 %, 0.47 V, 6.61 mA/cm2, and 38.9 % of PCE, Voc, Jsc, 

and FF are achieved from the solar cell based on the ZnO nanowalls. From 

the photovoltaic properties, it could be confirmed that the ZnO 

nanostructures acted as electrodes in organic solar cells. However, the 

efficiencies were not good as ones of references [35] though we expected 

enhanced efficiencies because surface area was increased due to the 

nanostructures (i.e., 13.5 times bigger in the case of the nanorods, and 2.86 

times larger in the case of the nanowalls). The lower efficiencies are usually 

caused by the lower shunt resistance (Rsh) and the higher series resistance 

(Rs) than normal devices. The Rsh refers to the loss of photocurrent caused 

to carrier recombination within the device, particularly at the interfaces of 

each layer [36,37] and the Rs is determined by both the electrical resistivity 
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of each layer and the contact resistance between the layers [38]. In our case, 

the lower efficiencies than ones of references are probably due to the 

presence of electrical shunt paths created by the ZnO nanorod arrays, the 

voltage dependent carrier recombination created by the rough surface and 

the crystal defects of the ZnO nanorods, and the thickness of active layers 

which was not optimized [37]. The efficiencies are expected to be improved 

by various methods (i.e., modifying surfaces with self-assembled 

monolayers [39,40], tuning defects with thermal annealing at an appropriate 

temperature [41], optimizing spacing of nanostructures and mixing ratio of 

P3HT and PCBM [42], and optimizing thickness of MoO3 layers [37]). 

 

2-4. Conclusions 

Using PS-PMMA block copolymers with different molecular 

weights, we first fabricated templates on amorphous ZnO-covered ITO 

electrodes by the transferring method. By selective removal of PMMA 

blocks, two templates with two differently sized cylindrical nanopores and a 

template with nanogrooves were formed. Then, uniform and vertically 

oriented ZnO nanorods were synthesized on the nanopore templates with the 

diameters controlled by the nanopore sizes. Additionally, ZnO nanowall 

structures were synthesized from the nanogroove template obtained from the 

PS-PMMA BCP with lamellar nanodomains. Because the ZnO 

nanostructures were produced without an electrically insulating epitaxial 
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layer, the ZnO nanorods was directly applied to organic solar cells as 

electrodes and characterized. 
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Figure 2-1. Schematic illustration of the fabrication process: (a) transferring 

of the BCP film onto a ITO glass substrate having a ZnO seed layer covered 

with a PS adhesion layer; (b) selective removal of cylindrical nanodomains 

by UV irradiation; (c) hydrothermal growth of ZnO; (d) removal of the 

template by oxygen plasma; (e)spin-coating of active layers and deposition 

of a HTL and an metal electrode. 
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Figure 2-2. FE-SEM images of nanoporous templates: (a) a template with 

cylindrical nanopores using PS(46)-PMMA(21); (b) a template with 

cylindrical nanopores using PS(64)-PMMA(35); (c) a template with 

nanogrooves using PS(80)-PMMA(80). Enlarged, side-view, and schematic 

images are also inserted. The scale bars in the images and in the inserted 

images are 1.0 um and 200 nm, respectively. 
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Figure 2-3. FE-SEM side-view images of nanoporous templates prepared 

on ZnO seed layers: (a) a template with cylindrical nanopores using PS(46)-

PMMA(21); (b) a template with nanogrooves using PS(80)-PMMA(80). 

Schematic images are also inserted. The scale bars in the images and in the 

inserted images are 200 nm. 
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Figure 2-4. FE-SEM images of ZnO nanostructures: (a) ZnO nanorods 

synthesized in the cylindrical nanopores using PS(46)-PMMA(21); (b) ZnO 

nanorods synthesized in the cylindrical nanopores using PS(64)-PMMA(35); 

(c) ZnO nanowalls synthesized in the template with nanogrooves using 

PS(80)-PMMA(80). Side-view and schematic images are also inserted. All 

the scale bars in both the images and the inserted images are 200 nm. 
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Figure 2-5. FE-SEM images of ZnO nanorods synthesized in the cylindrical 

nanopores using PS(46)-PMMA(21) on a single crystalline (c-plane) ZnO 

substrate. Side-view image are also inserted. The scale bar in the image 

indicates 200 nm. 
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Figure 2-6. X-ray diffraction patterns of ZnO nanostructures shown in 

Figure 2-4. A peak around 33° corresponds to Si (100). A ZnO seed layer 

does not show the crystalline peak of ZnO (002). 
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Figure 2-7. J-V curve of P3HT:PCBM organic solar cells based on the ZnO 

nanorods synthesized in the cylindrical nanopores using PS(46)-PMMA(21) 

(solid line) and the ZnO nanowalls synthesized in the template with 

nanogrooves using PS(80)-PMMA(80) (dashed line). 
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Structures of the 
electrodes 

Voc (V) 
Jsc 

(mA/cm2) 
FF (%) PCE (%) 

Nanorods 0.38 6.28 35.9 0.86 

Nanowalls 0.47 6.61 38.9 1.22 

 

Table 2-1. The photovoltaic parameters of the solar cells. Device 

configuration : glass/ITO/(ZnO nanostructures on ZnO seed 

layers)/P3HT:PCBM/MoO3/Ag. 
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Chapter III. 

ZnO Nanorods and Nanowalls 

Directly Synthesized on Flexible 

Substrates with Block Copolymer 

Templates 



 

 64

3-1. Introduction 

ZnO is an oxide semiconductor with a wide bandgap and a large 

exciton binding energy [1,2]. Its band structure can be effectively controlled 

by doping. In addition, it is stable in air, transparent, environmentally-

friendly, and inexpensive. These features make ZnO suitable for 

optoelectronic and energy harvesting devices, such as light emitting diodes 

[3], field emission displays [4], solar cells [5], and piezoelectric generators 

[6]. Particularly, one-dimensional nanostructures of ZnO have been widely 

studied for such applications [7]. 

ZnO nanorods, typical one-dimensional nanostructures, can be 

synthesized by various techniques, including vapor-liquid-solid growth with 

nanosized catalysts [8] and chemical vapor deposition with metal organic 

precursors [9]. Recently, a hydrothermal method has been extensively 

employed to synthesize ZnO nanorods, because it allows the growth of ZnO 

nanorods at low temperatures in aqueous solutions of Zn salts without 

expensive vacuum apparatuses [10]. 

 For the hydrothermal growth of ZnO nanorods in a vertical 

orientation, a crystalline seed layer is required [11]. To obtain a seed layer of 

crystalline ZnO, however, a high-temperature process is necessary [12], 

which cannot be applied to a flexible polymer substrate. Furthermore, for 

the epitaxial growth of a crystalline ZnO seed layer, a crystalline substrate, 

such as GaN or sapphire, is essential [13]. However, such epitaxial 
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substrates are not conductive, therefore ZnO nanorods grown on them 

cannot be directly used for electronic applications [14]. 

Instead of crystalline ZnO, an amorphous ZnO seed layer without 

an epitaxial substrate can be synthesized at a relatively low temperature. 

However, ZnO nanorods produced on an amorphous seed layer are not 

vertically oriented after the hydrothermal growth [15]. A patterned growth 

of ZnO, which combines the hydrothermal growth technique with a 

patterned template, can generate a vertically oriented ZnO structure 

regardless of the quality of a seed layer [14]. However, the patterned growth 

of ZnO requires nanoscale templates that are mostly fabricated by e-beam 

lithography. Because of the nature of the serial process, the e-beam 

technique is not efficient to pattern a large area [2]. 193-nm immersion 

lithography can be an alternative to produce a nanoscale template over a 

large area, although it requires expensive instruments with heavy processes. 

It was reported that the areal density of ZnO nanorods was effectively 

controlled by limiting the mass transfer with a polymer thin film without a 

patterned template [16]. The mass-transfer limiting method with a 

polyelectrolyte multilayer is compatible with spin or spray coating in a large 

area, although it does not provide precise control over inter-rod spacings or 

rod dimensions. The utilization of a template produced by a block 

copolymer in the hydrothermal growth can be a potential solution for the 

efficient growth of ZnO nanorods with controlled spacings and dimensions. 

Block copolymers consist of two or more polymers covalently 
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connected. They spontaneously assemble into various nanostructures, 

including spheres, cylinders, and lamellae, with sizes typically in the range 

of a few tens of nanometers [17]. These nanostructures have been 

intensively used as etching masks and templates, which are created by 

selectively removing one of the blocks [18]. Arrayed micelles of block 

copolymers have been also employed to control the fabrication of ZnO 

nanorods [19,20]. Block copolymer micelles were utilized to synthesize 

gold nanodots which were then used as catalysts for VLS growth of ZnO 

nanorods [19], although the VLS method is less amenable to large area 

applications. Block copolymer micelles were also directly utilized as a 

template for the hydrothermal growth of ZnO nanorods in one step process 

which is applicable to large area device applications [20]. If a well-

established method of block copolymer templates is used with a 

hydrothermal process, this combined method can also provide ZnO 

nanorods with uniform diameters over a large area enough for device 

applications, although multiple steps are necessary. 

In this study, we first demonstrated the fabrication of uniform ZnO 

nanorods on a flexible substrate by the hydrothermal growth of nanorods in 

a nanotemplate obtained from perpendicular cylinders of block copolymers. 

In addition, ZnO nanowalls on a flexible substrate were also produced by 

employing the perpendicular lamellae of block copolymers. Since ZnO 

nanorods were directly established on an electrically conductive indium tin 

oxide (ITO) electrode on the flexible substrate, their semiconducting nature 
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was efficiently characterized without an additional process of transferring 

them to a conductive substrate. This indicated a direct applicability of the 

technique shown here for flexible electronic devices. 

 

3-2. Experimental Section 

Materials 

Block copolymers (BCPs) of polystyrene-poly(methylmethacrylate), 

PS(46)-PMMA(21), PS(64)-PMMA(35), and PS(80)-PMMA(80) were 

purchased from Polymer Source. The numbers in the parentheses are the 

average molecular weights in kg/mol. The polydispersity index (PDI) is 1.09 

for each BCP. PS(5)-PMMA(5) (PDI=1.18) was also acquired for blending 

with these BCPs. Phenethyltrichlorosilane (PETS), zinc acetate dihydrate, 

ethanolamine, zinc nitrate hexahydrate, hexamethylenetetramine (HMTA), 

and anhydrous toluene (Sigma-Aldrich) were used without further 

purification. 2-Methoxyethanol was purchased from Kanto Chemical. 

 

Transferring of BCP Films and Fabrication of Nanoporous Templates 

We first fabricated each BCP film on a Si wafer with a SiO2 layer 

(300 nm; Si/SiO2 hereafter) in order to transfer it to the flexible polymer 

substrate which can be damaged during thermal annealing of BCPs. Si/SiO2 

substrates were cleaned in a piranha solution (i.e., a 70:30 v/v solution of 

concentrated H2SO4:H2O2) at 90 °C for 30 min, thoroughly rinsed with 
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deionized water several times, and then blown dry with nitrogen. To make 

the neutral surface necessary for the perpendicular nanodomains of PS-

PMMA [21], we modified the surface of a Si/SiO2 substrate with PETS as 

described in the literature [22]. Each BCP filim of PS-PMMA on the 

neutralized surfaces was spin-coated (typically at 4,000 rpm for 60 s) from 

toluene solutions of PS-PMMA (3.0 to 5.0 wt%). Then, each film was 

thermally annealed at 230 °C for 4 h to induce the perpendicular 

nanodomains of the BCPs. For an easy process, a small molecular weight 

BCP of PS(5)-PMMA(5) was blended with PS(46)-PMMA(21) and PS(64)-

PMMA(35) at a weight ratio of 3 to 10 [23]. 

A BCP film was first floated on water by dissolving the underlying 

SiO2 layer with a 20% aqueous solution of hydrofluoric acid [24]. After 

detachment, sufficient water was immediately added to the HF solution. 

Then, the film was transferred onto a flexible poly(ethylene terephthalate) 

(PET) substrate, which has an ITO electrode, by immersing the substrate 

under the film and gently pulling it out with the film from water. The film 

was then fully dried at room temperature. Before transferring, an amorphous 

ZnO seed layer (~50 nm thick) was synthesized on the ITO electrode by two 

repeats of spin-coating of a 0.5 M solution of zinc acetate dihydrate in a 

97:3 v/v mixture of 2-methoxyethanol and ethanolamine [25]. The whole 

sample was placed on a hotplate setting at 200 °C for 10 min to evaporate 

the solvent. In addition, a thin layer of polystyrene was spin-coated at 4,000 

rpm for 60 s from a 0.2 wt% toluene solution as an adhesive layer on the 
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ZnO seed layer, which was exposed to oxygen plasma (40 mTorr, 80 W) for 

1 s before the BCP film in order to promote the adhesion. From the BCP 

film transferred onto a flexible substrate, the nanodomains of the PMMA 

blocks were selectively removed with UV irradiation followed by washing 

with 2-methoxyethanol at room temperature [26], resulting in a nanoporous 

template on a flexible substrate. 

 

Synthesis of ZnO Nanostructures from Nanoporous Templates 

ZnO nanorods and nanowalls were synthesized from nanoporous 

templates, which were fabricated on flexible substrates using BCP films. 

First, the nanoporous templates were exposed to oxygen plasma (40 mTorr, 

80 W) for 3 s, which not only made templates hydrophilic but also removed 

the adhesive layer on the ZnO seed layer in the pores. The nanoporous 

template was immersed in a 0.1 M aqueous solution of a 1:1 mixture of zinc 

nitrate hexahydrate and HMTA [27]. Then, the hydrothermal growth of ZnO 

was carried out at 90 °C for 20-30 min to obtain nanorods and nanowalls. 

After removing the templates by oxygen plasma (40 mTorr, 100 W) for 30 s 

at room temperature, the ZnO nanorods and nanowalls on flexible substrates 

were produced. 

 

Characterization 

Field-emission scanning electron microscopy (FE-SEM) was 

performed on a Hitachi S-4300 at 15 kV. X-ray diffraction patterns were 
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obtained on a D8-Advance with Cu Kα1 radiation. Transmission electron 

microscopy (TEM) was performed on a Hitachi H-7600 at 100 kV and on a 

JEM-2100 at 200 kV. To prepare a TEM sample, ZnO nanorods and 

nanowalls were separated from the substrate by sonication in ethanol. Then, 

this ethanol dispersion was dropped on a TEM grid and dried in air. 

Representative images were taken from each TEM sample. The I-V curve of 

the ZnO nanorods on the flexible PET substrate with an ITO electrode was 

measured with a probe station equipped with a Keithley 4200A after 

deposition of a 100 nm-thick gold electrode without removal of the template. 

The diameter of the gold electrode was 5 mm. 

 

3-3. Results and Discussion 

BCPs can provide nanoporous templates with well-controlled pores 

which are based on their self-assembled nanodomains [17,18]. To induce 

ordered nanodomains, particularly in a vertical orientation, thermal or 

solvent annealing on the BCPs is necessary [21-26]. However, this 

annealing process can bring unwanted alterations or damage to flexible 

polymer substrates. Thus, we first fabricated BCP films on Si/SiO2 

substrates which are stable for thermal annealing. Then, a BCP film with 

cylindrical or lamellar nanodomains in perpendicular orientation was 

transferred to a flexible substrate with a ZnO seed layer. After selectively 

removing the nanodomains from the BCP film, we obtained a nanoporous 
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template with well-controlled pores as described in Figure 3-1. The detail 

procedures are explained in the experimental section. 

The FE-SEM images in Figure 3-2 show nanoporous templates on 

flexible substrates, which were fabricated from PS(46)-PMMA(21), PS(64)-

PMMA(35), and PS(80)-PMMA(80). In Figures 3-2a and 3-2b, cylindrical 

nanopores in the hexagonal order are discernible, which are clearly visible 

in the enlarged images. The average diameter and the center-to-center 

distance of the nanopores were 13 nm and 35 nm in Figure 3-2a and 20 nm 

and 54 nm in Figure 3-2b, respectively. Thus, the control over the nanopores 

was enabled by changing the molecular weights of the BCPs, which 

eventually allowed for the adjustment of ZnO nanorods. In the side-view 

images in Figures 3-2a and 3-2b, the nanopores are well-established from 

the top to the bottom of both templates. We note that the thickness (~200 nm) 

of the template fabricated from PS(46)-PMMA(21) was larger than that 

(~100 nm) from PS(64)-PMMA(35). In the case of the PS(80)-PMMA(80), 

which forms lamellar nanodomains, a template with nanogrooves in a 

fingerprint pattern was obtained, as shown in Figure 3-2c. Thus, nanoporous 

templates with cylindrical nanopores in two different sizes and with 

nanogrooves were successfully fabricated on flexible substrates by 

transferring BCP films. 

Figure 3-3 shows FE-SEM images of ZnO nanostructures fabricated 

from the nanoporous templates shown in Figure 3-2. In the top-view images 

of ZnO nanorods (Figures 3-3a and 3-3b), the tops of hexagonally arranged 
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nanorods were only visible because of the well-aligned vertically oriented 

nanorods as was also confirmed in the side-view images. The average 

diameter and the center-to-center distance of nanorods were 24 nm and 35 

nm in Figure 3-3a and 35 nm and 54 nm in Figure 3-3b, respectively. The 

center-to-center distances of the nanorods, as shown in Figures 3-3a and 3-

3b, were equal to those of the nanopores shown in Figures 3-2a and 3-2b, 

respectively. Thus, each nanopore of each template produced one ZnO 

nanorod so that the control over nanorods was achieved by the templates 

with different dimensions of nanopores. It is noted that the average 

diameters of the nanorods were larger than those of the nanopores of the 

templates, presumably because of softening of the nanoporous templates 

during the hydrothermal growth of ZnO. The average length of the nanorods 

(~160 nm) shown in Figure 3-3a was larger than that of the nanorods (~100 

nm) shown in Figure 3-3b due to the different thicknesses between the two 

templates. We note that there was a distribution of the length of ZnO 

nanorods grown from the same template, presumably because of 

inhomogeneous start times in the growth of ZnO nanorods. 

Regarding the shape of ZnO, a nanowall structure was also 

produced with the template having nanogrooves (Figure 3-2c). In the top-

view image of Figure 3-3c, the top parts of the ZnO nanowalls in the 

fingerprint pattern are visible. The average width of nanowalls was 50 nm 

with the separation of 20 nm. The period (~70 nm) of the nanowalls was 

well matched with that of the nanogrooves. However, the nanowalls were 
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thicker than the nanogrooves as the nanorods were larger than the nanopores. 

The side-view image in the inset of Figure 3-3c shows ZnO nanowalls with 

heights of ~100 nm. In this side-view image, it can be noticed that the 

nanowalls can be considered as a laterally merged structures of nanorods 

grown in the nanogrooves. The crystalline structure of the ZnO 

nanostructures was confirmed by X-ray diffraction patterns (Figure 3-4) and 

TEM images (Figure 3-5). The sharp peak at 34.4 o in Figure 3-4 is a 

characteristic peak of hexagonal ZnO wurtzite (002) with a lattice spacing 

of 0.260 nm, which is in good agreement with the 0.2603 nm in JCPDS 36-

1451 standard. The predominant and narrow (002) peak also implied that the 

ZnO nanostructures were oriented in the c-axis as they are vertically ordered 

in the FE-SEM images of Figure 3-3. ZnO nanorods and nanowalls also 

showed their characteristic absorptions around 345 nm in the UV-Vis 

spectra (Figure 3-6). Thus, ZnO nanorods in two different sizes and ZnO 

nanowalls were successfully fabricated on flexible polymer substrates which 

allowed bending as shown in the inserted photos of Figure 3-3. 

Since the ZnO nanostructures were directly produced on electrically 

conductive ITO electrodes by combining nanoporous templates based on 

BCPs with the hydrothermal growth technique, we were able to characterize 

the semiconducting nature of the ZnO nanorods shown in Figure 3-3b 

without an additional process of transferring them to another substrate. As 

seen in Figure 3-7, the nanorods show typical rectifying behavior. The 

rectifying property was presumably associated with a Schottky contact 
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between Au and ZnO [28] and an Ohmic contact between ZnO and ITO 

[29,30] which would make the direct applicability of the technique 

demonstrated here to flexible electronic devices [14]. 

 

3-4. Conclusions 

Using PS-PMMA block copolymers with different molecular 

weights, we first fabricated templates with cylindrical nanopores in two 

sizes and a template with nanogrooves on flexible substrates with an ITO 

electrode covered with an amorphous ZnO seed layer. Then, from the 

nanoporous templates with cylindrical pores, uniform and vertically oriented 

ZnO nanorods were synthesized and their diameters were controlled by the 

pore sizes. The shape of ZnO was also controllable to a nanowall structures 

from the template with nanogrooves obtained from the PS-PMMA with 

lamellar nanodomains. Since the ZnO nanostructures were produced without 

an electrically insulating epitaxial layer, the rectifying behavior of ZnO 

nanorods was directly characterized as synthesized on the flexible substrates. 

Thus, the technique demonstrated here can be directly applied to flexible 

electronic devices without an additional procedure such transferring the 

nanostructures to conductive electrodes or alteration of the substrate. 
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Figure 3-1. Schematic illustration of the fabrication process: (a) surface 

neutralization, spin coating of BCP, and thermal annealing; (b) detaching of 

the BCP film by dissolving the underlying SiO2 layer with an aqueous 

hydrofluoric acid; (c) transferring of the BCP film onto a flexible substrate 

having a ZnO seed layer covered with a PS adhesion layer; (d) selective 

removal of cylindrical nanodomains by UV irradiation; (e) hydrothermal 

growth of ZnO; (f) removal of the template by oxygen plasma. 
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Figure 3-2. FE-SEM images of nanoporous templates: (a) a template with 

cylindrical nanopores from PS(46)-PMMA(21); (b) a template with 

cylindrical nanopores from PS(64)-PMMA(35); (c) a template with 

nanogrooves from PS(80)-PMMA(80). Enlarged, side-view, and schematic 

images are also inserted. The side view images are false colored (blue for a 

PET substrate and light blue for an ITO electrode with a ZnO seed layer). 

The scale bars in the images and in the inserted images are 1.0 mm and 200 

nm, respectively. 
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Figure 3-3. FE-SEM images of ZnO nanostructures on flexible substrates: 

(a) ZnO nanorods synthesized from the template shown in Figure 3-2a; (b) 

ZnO nanorods synthesized from the template shown in Figure 3-2b; (c) ZnO 

nanowalls synthesized from the template shown in Figure 3-2c. Side-view 

and schematic images are also inserted. The side-view images are false 

colored (blue for a PET substrate and light blue for an ITO electrode with a 

ZnO seed layer). Photographs of the flexible substrates having ZnO 

nanostructures (colored area in the middle part) bent by tweezers are 

displayed together. All scale bars are 200 nm. 
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Figure 3-4. X-ray diffraction patterns of ZnO nanostructures shown in 

Figure 3-3. A peak around 30 o corresponds to ITO (222) and two broad 

peaks around 47 o and 54 o are associated with a PET substrate. A ZnO seed 

layer does not show the crystalline peak of ZnO (002). 
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Figure 3-5. TEM images: (a) ZnO nanorod; (b) ZnO nanowall. The scale 

bars are 100 nm. 
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Figure 3-6. UV-Vis spectra of ZnO nanorods (blue) and ZnO nanowalls 

(green) on a flexible substrate. Absorptions below 320 nm are associated 

with the PET substrate. 
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Figure 3-7. I-V curve of ZnO nanorods shown in Figure 3-3b on a flexible 

PET substrate having an ITO electrode. 
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Chapter IV. 

TiO2 Nanostructures Synthesized 

with Block Copolymer Templates 

and Their Application to Solar 

Cells 
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4-1. Introduction 

Titanium dioxide (TiO2) has unique properties such as high dielectric 

constant, good optical transmittance in visible and near IR range, 

photocatalytic effects for water splitting and degradation of organic 

materials, and high refractive index. Moreover, TiO2 has been employed as 

an electron-transporting material for dye-sensitized solar cells due to its 

good electron mobility (10 cm2/V·s in the case of single crystalline anatase 

TiO2) [1]. The properties of TiO2 made it be considered as a versatile 

material so that it has been to studied a lot [2,3]. Particularly, nanomaterials 

of TiO2 have been widely studied as promising candidates for optoelectronic 

applications including photocatalysts, sensors, solar cells, and hydrogen 

storage, electrochromic devices [4]. 

For instance, if TiO2 have one-dimensional (1D) nanostructures such as 

nanorods, nanotubes, nanowires, and nanobelts, they can be useful for 

photoelectric devices based on their anisotropic optical and electrical 

properties [5]. 1D TiO2 nanostructures were synthesized using various 

methods including sol-gel, electrospinning, hydrothermal, and chemical 

vapor deposition (CVD) [6,7]. In addition, 2D nanowall structures of TiO2 

by CVD at high temperatures [2] or by TiO2 coating on carbon nanowalls 

[8,9] were reported, though the application of the structures is limited. 

As an effective method for generating nanostructures over large areas, 

nanostructures of block copolymers (BCPs) have been intensively 
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investigated [10]. Diblock copolymers, covalently-linked two different 

polymers, spontaneously assemble into spherical, cylindrical, and lamellar 

nanostructures depending on the block ratio. The size of the nanostructures 

of copolymers can be also adjusted by their molecular weights so that both 

shape and size of the nanostructures are controllable in a precise manner 

[11]. By block copolymer nanostructures as lithographic masks or templates, 

various nanostructures of metals, semiconductors, and oxides have been 

successfully demonstrated. [12] To put it concretely, combining block 

copolymer templates and sol-gel process possibly achieves well-organized 

TiO2 nanostructures [13,14]. 

Such TiO2 nanostructures can be used for dye-sensitized solar cells 

(DSSC) as electrodes and, recently, perovskite solar cells, which are 

originated from DSSC, are attracting attention due to their high power 

conversion efficiencies although only mesoporous structures have been used 

yet [15,16]. 

In this study, we demonstrated the fabrication of uniform TiO2 

nanostructures, nanorods and nanowall networks, by combining 

nanotemplates obtained from perpendicular cylinders and lamellae of block 

copolymers and a sol-gel method. Based on the conducting property of TiO2 

nanostructures directly established on an electrically conductive indium tin 

oxide (ITO) electrode, perovskite solar cells were fabricated. The 

photovoltaic properties of the perovskite solar cells indicates a successful 

demonstration of photovoltaic devices based on the TiO2 nanostructures. 
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4-2. Experimental Section 

Materials 

BCPs of polystyrene-poly(methylmethacrylate), PS(46)-PMMA(21) 

and PS(80)-PMMA(80) and random copolymer (rCP) of Poly(styrene-r-

methylmethacrylate-r-vinylbenzocyclobutene), P(S(26.8)-MMA(17)-

VB(1.2)) were purchased from Polymer Source. The number in the 

parentheses are number average molecular weights in kg/mol. The 

polydispersity index (PDI) is 1.09 for each BCP, 1.25 for the rCP. 

Titanium isopropoxide (Ti(OCH(CH3)2)4, TTIP), hydroiodic acid 

(47wt% in water), methylamine (33wt% in absolute ethanol), lead iodide, 

phenethyltrichlorosilane (PETS), anhydrous toluene, 2,2’,7,7’-tetrakis-

(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD), 4-

tertbutylpyridine, and lithium-bis(trifluoromethanesulfonyl)imide (Li-TFSI) 

were purchased from  Sigma-aldrich. γ-butyrolactone, dimethyl sulfoxide 

(DMSO), acetonitrile were obtained from Tokyo Chemical Industry. 

Acetone, cyclohexane, acetic acid, hydrogen chloride, isopropyl alcohol, 

chlorobenzene were purchased from Samchun Chemical. All the chemicals 

above were used without further purification. 

 

Synthesis of BCP templates on TiO2 thin films 

TiO2 thin films were prepared by coating TiO2 layers (~30 nm) on 

glass/ITO substrates by spin-coating from a 0.3 M isopropanol solution of 

TTIP with 0.9 M HCl and calcinatnion at 500 °C for 30 min. Before spin-
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coating, the substrates were cleaned by sonication in acetone, methanol, and 

isopropanol for 20 min. each in order. The surface of TiO2 thin films were 

neutralized to give the same interfacial energy toward both PS and PMMA 

blocks of copolymers with crosslinked rCP layers as demonstrated in the 

literature [17]. 

On the neutralized substrate, PS-PMMA copolymers were spin-

coated from a toluene solution (3.0 ~ 5.0 wt%) at 4000 rpm for 60 s and 

annealed with mixed vapor of acetone and cyclohexane for 2 h [18]. The 

ratio of acetone to cyclohexane was 1 for cylinder morphology and 1.5 for 

lamella morphology. In the case of lamella morphology, a 100 nm-thick 

perpendicularly oriented lamella film was added by a transferring method 

[19] on top of another perpendicularly oriented lamella film on the ITO 

substrate to achieve thickness of 200 nm. To produce polymer 

nanotemplates, the PMMA blocks were selectively removed by irradiating 

the copolymer film with UV light (254 nm, 15 W) for 3 h in vacuum and 

rinsing with acetic acid and deionized water [20]. 

 

Fabrication of TiO2 nanostructures 

To fabricate TiO2 nanostructures from the polymer nanotemplates, 

sol-gel films were deposited on the nanotemplates produced from PS-

PMMA copolymers by dip-coating of a 0.9 M isopropanol solution of TTIP 

with 0.9 M HCl. A brief oxygen plasma (80 W, 40 mTorr, 3 s) was 

conducted before the dip-coating process to make the templates hydrophilic. 
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The withdrawing speed for the dip-coating was 10 mm/min. After dip-

coating, reactive ion etching (RIE) with CF4 was performed at 200 W in 

0.01 Torr for 60 ~ 80 s to remove the top TiO2 layer [21]. Then, calcination 

was performed at 500 °C for 30 min to remove the polymer nanotemplate 

and generate anatase TiO2 nanostructures [22]. 

 

 Fabrication of perovskite solar cells 

To synthesize methylammonium iodide (MAI), 49.5 ml of hydriodic 

acid (57 wt% in water) and  61.6 ml of methylamine (CH3NH2) (33 wt% in 

absolute ethanol) were reacted in a 250 ml round bottom flask for 3 h at 

0 °C ice bath. The precipitation was recovered by evaporating ethanol with a 

rotatory evaporator at 50 °C. The product was washed with ether several 

times and dried in vacuo [23]. The product was used without further 

purification process. 40 wt% equimolar solution of MAI and PbI was made 

by dissolving them in a mixed solvent of γ-butyrolactone(70 v%) and 

DMSO(30 v%), and agitating at 60 °C for 12 h. The solution was filtered 

with a PTFE filter with 450 nm pores prior to a spin-coating process. Then, 

MAPbI3 for active layers and spiro-OMeTAD for hole transporting layers 

(HTL) were sequentially coated on the TiO2 nanostructures by spin-coating 

processes. The spin-coating methods for the materials were described 

elsewhere [24,25]. All the processes above except for synthesizing MAI 

were conducted in a nitrogen atmosphere. 
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Characterization 

Field-emission scanning electron microscopy (FE-SEM) was 

performed on a Hitachi S-4300 at 15 kV. X-ray diffraction (XRD) patterns 

were obtained on a PANalytical X’Pert PRO with Cu Kα radiation operating 

at 40 kV and 30 mA. UV–vis absorption spectrum was recorded on a Cary 

5000 UV-Vis-NIR spectrophotometer, and PL spectrum was obtained on an 

Acton Spectra Pro spectrometer with a He–Cd laser (442 nm). The 

photocurrent-voltage (J-V) curves were characterized with a solar cell 

measurement system (K3000: McScience, Korea) under a solar simulator 

(Xenon lamp, air mass (AM) 1.5, 100 mW cm−2). 

 

4-3. Results and Discussion 

TiO2 nanostructures, nanorods and nanowall networks, were 

synthesized uniformly by combining nanotemplates obtained from 

perpendicular oriented block copolymer thin films and a sol-gel method. To 

achieve the nanostructures on conductive ITO substrates to apply them to 

practical applications, TiO2 thin films were deposited on ITO glass 

substrates and perpedicularly oriented BCP thin films were prepared on 

them by solvent annealing processes. Afte removal of one of the blocks 

selectively from the thin films, sol-gel films were deposited by dip-coating. 

By eliminating the top layer of the sol-gel films and sintering them, the 

nanostructures on ITO substrates were accomplished. Based on the 

nanostructures, we prepared perovskite solar cells by spin-coating of active 
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layers and HTL, and then thermal deposition of Ag electrods. The entire 

process is described in Figure 4-1, and the detail explanation is included in 

the experimental section. 

The FE-SEM images of Figure 3-2 are the nanoporous templates 

synthesized from PS(46)-PMMA(21) and PS(80)-PMMA(80) on TiO2 thin 

films. In Figure 4-2a, hexagonally ordered cylindrical nanopores are 

discernible, which are clearly visible in the enlarged images. The average 

diameter and center-to-center distance of nanopores are 13 nm and 40 nm, 

respectively. As shown in the side-view image of Figures 4-2a, nanopores 

are well established from the top to the bottom of the template. We note that 

the thickness of the template fabricated from PS(46)-PMMA(21) is about 

200 nm, and that of the TiO2 under layer is about 30 nm. 

In the case of the PS(80)-PMMA(80) which forms lamellar 

nanodomains, a template with nanowall networks is obtained as shown in 

Figure 4-2b. The average width of nanowalls is 40 nm with the separation of 

about 30 nm. It is noted from the side-view image of Figure 4-2b that the 

two layers of nanowalls compose the nanowall networks without any 

deformations, and the thickness of the structure is about 200 nm, which is 

exactly twice the thickness of one layer of the nanowall. Thus, the 

nanoporous templates with cylindrical nanopores and those with nanowall 

networks were successfully fabricated on the TiO2 thin films by solvent 

annealing. 

Figure 4-3 shows the FE-SEM images of TiO2 nanostructures 
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fabricated from the nanoporous templates shown in Figure 4-2. In the top-

view images of TiO2 nanorods (Figure 4-3a), the top of hexagonally-

arranged nanorods are only visible. The image implies that the nanorods are 

well-aligned in a vertical orientation, which can be also confirmed in the 

side-view image of Figure 4-3a. The average diameter and center-to-center 

distance of the nanorods are 18 nm and about 40 nm in Figure 4-3a, 

respectively. The diameter of the nanorods are larger than that of the pores 

of the templates although the center-to-center distances are same. This 

reduction is probably attributed to Pt sputtering process for observe the 

polymer templates which makes pore sizes smaller. Thus, each nanopore of 

the templates produced one TiO2 nanorod, and that means that the control 

over nanorods was achieved by the template. The average length of 

nanorods is about 100 nm which is half of the template and this is 

presumably due to the excessive etching during the removal of the top TiO2 

layer and the densification during the gelation and calcination process [26]. 

A nanowall networks structure was also produced with the template with the 

nanowall networks (Figure 4-2b). As shown in the top-view image of Figure 

4-3b, a fingerprint pattern of TiO2 nanowall networks are visible. The 

average width of nanowalls is 20 nm with the separation of 50 nm. Although 

the width of the TiO2 nanowalls was smaller than the separation of the 

polymer templates, the domain spacing was the same in both the TiO2 

nanowalls and the polymer templates. The smaller width of TiO2 nanowalls 

than the separation of the polymer templates is also probably because of the 
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densification during the gelation and calcination process. The side-view 

image in the inset of Figure 4-3b shows TiO2 nanowall networks with the 

height of ~100 nm. Thus, the TiO2 nanorods and nanowall networks were 

successfully fabricated on TiO2 thin films on ITO glass substrates. 

The crystalline structure of the TiO2 nanostructures was 

investigated by X-ray diffraction (XRD) patterns. Figure 4-4 shows XRD 

patterns of the TiO2 nanorods and nanowall networks fabricated on TiO2-

coated silicon substrates. The peaks located around 25.4, 38, 48, 54, 56 ° 

respond to the (101), (004), (200), (105), (211) planes of the anatase phase 

(JCPDS 21-1272) [27]. Since the TiO2 anatase phase has an effective 

electron transportation property [28], we applied these anatase TiO2 

nanostructures to perovskite sloar cells as hole blocking layers and 

electrodes as well. 

TiO2 is commonly used for fabrication of perovskite solar cells as 

electrodes in combination with MAPbX3 (X=Cl, Br, I, or mixed) perovskite 

materials which act as both light harvester and hole conductor [29,30]. 

Figure 4-5 shows optical properties (a) and FE-SEM images (b) of the TiO2 

nanowall structure with 100 nm-thick MAPbI3 on a quartz/TiO2 thin film 

substrate. As shown in Figure 4-5 (a), there is a broad UV-Vis absorption 

peak below 770 nm and a photoluminescence (PL) emission peak around 

800 nm which are typical absorbance and emission peaks of MAPbI3 

perovskite [31]. Those absorption and emission spectra imply that MAPbI3 

coated on the TiO2 nanostructures is in good condition. From the FE-SEM 
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images of Figure 4-5(b), it can be noted that MAPbI3 was coated evenly on 

the TiO2 nanowalls so that no vacancy is observed. 

 Perovskite solar cells, which are based on the TiO2 nanostructures 

synthesized from perpendicularly oriented BCP nanotemplates, were 

prepared and characterized. The J-V curves of the solar cells are shown in 

Figure 4-6 and the parameters are indicated in Table 4-1. For the TiO2 thin 

film case, power conversion efficiency (PCE), open circuit voltage (Voc), 

short circuit current (Jsc), and fill factor (FF) are 2.32 %, 0.79 V, 13.66 

mA/cm2, and 21.5 %, respectively. 3.28 %, 0.87 V, 12.56 mA/cm2, and 

30.0 % of PCE, Voc, Jsc, and FF are achieved from the solar cell based on 

the TiO2 nanorods. For the TiO2 nanorod networks case, PCE, Voc, Jsc, and 

FF are 2.70 %, 0.83 V, 13.16 mA/cm2, and 24.7 %, respectively. From the 

photovoltaic properties, it could be confirmed that the TiO2 nanostructures 

acted well as electrodes. In addition, it also could be confirmed that the 

nanorods worked more effectively than the nanowall networks and the 

nanowall networks are more effective than TiO2 thin films as electrodes. 

However, the efficiencies were not good as ones of references [32] though it 

was expected that the efficiencies would be enhanced because surface area 

was increased due to the nanostructures (i.e., 4.08 times bigger in the case of 

the nanorods, and 2.86 times larger in the case of the nanowall networks). 

The lower efficiencies are usually caused by the lower shunt resistance (Rsh) 

and the higher series resistance (Rs) than normal devices. The Rsh refers to 

the loss of photocurrent caused to carrier recombination within the device, 
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particularly at the interfaces of each layer [33,34] and the Rs is determined 

by both the electrical resistivity of each layer and the contact resistance 

between the layers [35]. In our case, the lower efficiencies than ones of 

references are probably due to the thickness of the perovskite which was not 

optimized and the contact between TiO2 thin films and the underlying ITO 

substrates was not formed perfectly. The efficiencies are expected to be 

improved by various methods (i.e., optimizing thickness of TiO2 layers [32], 

altering the fabrication method for TiO2 thin films [36], and altering the 

conductive substrate to a thermally stable FTO [37]). 

 

4-4. Conclusions 

In this study, we demonstrated the fabrication of the TiO2 nanowall 

networks as well as the nanorods with the combination of a sol-gel method 

and the nanotemplates of the PS-PMMA block copolymers. We first induced 

the cylindrical and lamellar nanostructures of PS-PMMA copolymers 

perpendicular to the substrate and then obtained polymer nanotemplates by 

the selective removal of the PMMA domains. Using these nanotemplates 

with a sol-gel method, we successfully fabricated uniform TiO2 nanowall 

networks as well as nanorods vertically aligned to the substrate. We 

confirmed that the TiO2 nanostructures have the anatase crystalline phase. 

Because the anatase TiO2 has a good effective electron transportation, 

perovskite solar cells were designed with the TiO2 nanostructures and 
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characterized. The photovoltaic properties of the perovskite solar cells 

implies that the TiO2 nanostructures worked well as electrodes for solar cells. 
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Figure 4-1. Schematic illustration of the fabrication process:spin coating of 

BCP, and thermal or solvent annealing; (b) Selective removal of cylindrical 

nanodomains by UV irradiation; (c) Dip-coating of TiO2 sol-gel solution; (d) 

Removal of the top layer by CF4 RIE; (e) Calcination; (f) Spin-coating of 

MAPbI3 and spiro-OMeTAD, and deposition of an Ag electrode. 
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Figure 4-2. FE-SEM images of nanoporous templates: (a) a template with 

cylindrical nanopores using PS(46)-PMMA(21); (b) a template with double 

layers of nanogrooves using PS(80)-PMMA(80). Enlarged, side-view, and 

schematic images are also inserted. The scale bars in the images and in the 

inserted images are 1.0 um and 200 nm, respectively. 

  



 

 101

 

 

 

 

 

 

Figure 4-3. FE-SEM images of TiO2 nanostructures: (a) TiO2 nanorods 

synthesized from the template shown in Figure 4-2(a); (b) TiO2 nanowalls 

synthesized from the template shown in Figure 4-2(b). Enlarged, side-view, 

and schematic images are also inserted. The scale bars in the images and in 

the inserted images are 1.0 um and 200 nm, respectively. 
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Figure 4-4. XRD data of (a) TiO2 nanorods shown in Figure 4-3(a); (b) TiO2 

nanowalls shown in Figure 4-3(b). A peak around 51 o corresponds to Si 

(100). 
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Figure 4-5. Optical properties and FE-SEM images of MAPbI3 on a TiO2 

nanowalls array on a quartz/TiO2 thin film: (a) UV-Vis absorption (dashed 

line) and PL emission (solid line) spectra; (b) side-view, and schematic 

images are also inserted. The scale bars in the image and in the inserted 

image are 10 um and 200 nm, respectively. 
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Figure 4-6. J-V curve of perovskite solar cells based on (a) TiO2 thin film 

(solid line); (b) TiO2 nanorods (dashed line); (c) TiO2 nanowall networks 

(dotted line). 
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Structures of the 
electrodes 

Voc (V) 
Jsc 

(mA/cm2) 
FF (%) PCE (%) 

Nanorods 0.87 12.56 30.0 3.28 

Nanowall 
networks 

0.83 13.16 24.7 2.70 

Thin film 0.79 13.66 21.5 2.32 

Table 4-1. The photovoltaic parameters of the solar cells. Device 

configuration : glass/ITO/(TiO2 thin film or TiO2 nanostructures on TiO2 

thin film)/MAPbI3/spiro-OMeTAD/Ag. 
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Chapter V. 

Dispersion of Micelle-Encapsulated 

Fluorophores in a Polymer Matrix 

for Control of Color of Light 

Emitted 

by Light-Emitting Diodes 
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5-1. Introduction 

Diblock copolymers composed of two chemically different 

polymers, covalently linked, spontaneously self-assemble to form bulk 

structures with spherical, cylindrical, gyroidal, and lamellar shapes, 

depending on the value of the Flory–Huggins interaction parameter and the 

difference between the volume fractions of the copolymer blocks [1]. In a 

solvent that is selective for one of the blocks, diblock copolymers 

spontaneously self-assemble to form micelles with various morphologies 

such as spherical micelles, cylindrical micelles, and vesicles, according to 

the interaction parameter between the polymer and the solvent and the 

molecular weight ratio between the corona forming block and the core 

forming block [1-3]. 

 A typical use of micelles is to solubilize an insoluble material [3]. A 

material that is insoluble in a solvent can be stabilized and solubilized by 

encapsulating the material in micellar cores. Therefore, micelles have been 

used in various applications such as drug delivery [4,5]. Moreover, because 

block copolymers associate into nanosized micelles, block copolymer 

micelles can be used as nanosized templates. For example, nanoparticles can 

be synthesized in micellar cores by incorporating metal precursors or 

inorganic materials into the cores [6-8]. 

By spin coating or dip coating a solution of micelles, a solid thin 

micelle film can be fabricated. By incorporating metal precursors or 
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inorganic materials into micellar cores, nanoparticles or nanoparticle arrays 

can be prepared in the solid film [9-13]. Nanoparticle arrays synthesized in 

this manner have been used for the fabrication of sensors [14] and 

nonvolatile memory devices [15,16]. 

In thin micelle films that comprise micelles incorporated with 

fluorescent dyes, fluorescence resonance energy transfer (FRET) can be 

controlled [17-19]. Micelle-encapsulated dyes are isolated from each other 

by micellar coronas; therefore, the distance between fluorescent dyes in 

each micelle can be controlled by adjusting the length of the corona blocks. 

Because FRET depends on the distance between different dyes, this 

phenomenon can be controlled by varying the length of the corona blocks in 

the micelle thin film. 

Block copolymer micelles can also be dispersed in a polymer matrix 

to form a polymer composite film [20,21]. In the polymer composite, 

functional materials that are immiscible with a polymer matrix can be 

dispersed in the polymer matrix by incorporating the material in micellar 

cores. In this manner, a polymer composite film containing well-dispersed 

micelle-encapsulated dyes can be fabricated. 

By coating a fluorescent polymer composite film on a lightemitting 

diode (LED), the color of light emitted by the LED can be controlled. A 

commonly used method for controlling the color of light emitted by a LED 

is to provide a coating of a lump of phosphors on the LED [22,23]. For 

example, phosphors such as yttrium aluminum garnet are coated on a blue 
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LED to obtain a white-light-emitting diode [24]. By coating an LED 

encapsulant containing well-dispersed micelle-encapsulated dyes, the color 

of light emitted by an LED can be effectively and easily controlled due to 

the nanoscopic dispersion of the micelle-encapsulated dyes. 

In the present study, as a model system of a composite polymer, we 

synthesized a polymer composite containing micelle-encapsulated dyes. 

Moreover, we demonstrated that the color of light emitted by an LED could 

be controlled by coating LEDs with a polymer composite containing 

micelle-encapsulated dyes. 

 

5-2. Experimental Section 

Materials 

Polystyrene-block-poly(4-vinylpyridine) (PS–PVP) was purchased 

from Polymer Source, Inc. The number-average molecular weight of 

polystyrene (PS) and poly(4-vinylpyridine) (PVP) was 51,000 and 18,000 g 

mol−1, respectively, and the polydispersity index of the block copolymer 

was 1.15. PS homopolymer was synthesized by reversible addition-

fragmentation chain transfer polymerization. The number-average molecular 

weight of PS homopolymer was 62,000 g mol−1, and the polydispersity 

index was 1.25. Rhodamine 123 (R123) and sulforhodamine 101 (S101) 

were purchased from Sigma-Aldrich and were used as received. 
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Fabrication of PS-PVP micelles and encapsulation of fluorophores in 

micellar cores 

PS-PVP copolymers were dissolved in toluene at 70 °C for 3 h to 

yield a 2.0 wt.% micellar solution, and the solution was then cooled to room 

temperature. To incorporate dye molecules (R123 or S101) into the micellar 

cores, the dyes were added to the solution of PS-PVP, and the solution was 

stirred for an extended period of time (longer than seven days) at room 

temperature. The molar ratio of R123 and S101 to vinyl pyridine was set to 

0.005 which gave reasonable photoluminescence (PL) intensities below the 

self-quenching concentration. 

 

Fabrication of PS composite films 

To fabricate a composite film of micelle-encapsulated dyes and PS 

homopolymers, a solution of PS homopolymers in toluene was added to a 

solution of micelle-encapsulated dyes, and then the solvent was cast from 

the solution. The weight ratio of the PS homopolymers to the PS-PVP block 

copolymers was equal to 20, and the thickness of polymer composites 

containing R123 and S101 was 385 μm and 342 μm, respectively. In 

addition, a composite film of micelleencapsulated dyes and PS 

homopolymers was coated on a blue GaN LED, which displays a sharp 

emission peak at 460 nm. 
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Characterization 

UV–vis absorption spectra were recorded on a Scinco S-3100 

spectrophotometer, and PL spectra were obtained on an Acton Spectra Pro 

spectrometer with a He–Cd laser (442 nm) or blue LEDs (460 nm) as the 

excitation source. To perform cross-sectional transmission electron 

microscopy (TEM), thin sections were obtained from a composite film 

embedded in an epoxy, and a RMC CRX ultramicrotome with a diamond 

knife was employed. TEM was performed on a Hitachi 7600 microscope 

operating at 100 kV. 

 

5-3. Results and Discussion 

As a model system of a polymer composite containing well-

dispersed micelle-encapsulated dyes, PS-PVP block copolymer was used as 

a micelle-forming block copolymer, and PS homopolymers were employed 

as a matrix-forming polymer. In toluene, a selective solvent for PS, PS-PVP 

diblock copolymers spontaneously associate into spherical micelles with 

soluble PS coronas and insoluble PVP cores [9,17,25,26]. PS-PVP micelles 

can solubilize polar fluorescent dyes, which are otherwise insoluble in 

toluene, due to the presence of polar PVP cores and toluene-soluble PS 

coronas [17]. R123 and S101 were selected as polar fluorescent dyes to be 

incorporated into the polar PVP cores. As explained in our previous 

publications [17,18], PS-PVP micelles can dissolve the polar molecules of 
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R123 and S101 via polar-polar interactions with the polar PVP core; 

however, the mechanism of the interaction is not understood in detail. 

Figure 5-1a shows the molecular structures of R123 and S101. Each 

fluorescent dye was added to separately prepared solutions of PS-PVP 

micelles in toluene, and the solutions were stirred for prolonged times to 

ensure the complete loading of dyes into the PVP cores. Because the dyes 

are not soluble in toluene and remain as powders without the micelles, the 

formation of homogeneous solutions of fluorescent dyes with micelles 

indicates the effective encapsulation of dye molecules into the PVP cores of 

the micelles [17,27,28]. Figure 5-1b shows solutions of micelle-

encapsulated dyes in toluene. 

UV–vis and PL spectra of micelle-encapsulated dyes in toluene 

solutions were obtained to determine whether the optical properties of the 

dyes were retained upon encapsulation. Figure 5-2 shows the UV–vis and 

PL spectra of the encapsulated dyes in toluene solution. The absorbance and 

PL intensity maxima of micelle-encapsulated R123 in toluene solution were 

located at 525 nm and 560 nm, respectively (Figure 5-2a), and the 

absorbance and PL intensity maxima of micelle encapsulated S101 in 

toluene solution were located at 575 nm and 610 nm, respectively (Figure 5-

2b). The location of the absorbance and PL intensity maxima was not 

significantly different from those obtained from solutions of R123 and S101 

in ethanol. Thus, it can be inferred that the optical properties of the dyes 

were not significantly altered, even after encapsulation in micellar cores and 
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dispersion in toluene. In other words, the fluorescent dyes were well 

dispersed in toluene because they were encapsulated in the micellar cores. 

The micelle-encapsulated dyes can be also dispersed in a solid 

polymer film. By encapsulating the dyes in micellar cores, the dyes can be 

dispersed in a polymer matrix that is immiscible with the dyes. As a model 

system of the fluorescent polymer composite, a polymer composite was cast 

from a mixture solution of PS-PVP micelleencapsulated R123 or S101 and 

PS homopolymers. 

Figure 5-3 shows the UV–vis and PL spectra of a polymer 

composite film composed of micelle-encapsulated dyes and the PS 

homopolymer matrix. The absorbance and PL intensity maxima of the 

solution of micelle-encapsulated R123 in toluene were located at 525 nm 

and 560 nm, respectively (Figure 5-3a), and the absorbance and PL intensity 

maxima of the solution of micelle-encapsulated S101 in toluene were 

located at 575 nm and 610 nm, respectively (Figure 5-3b). Regardless of the 

type of encapsulated dye, the location of the absorbance and PL maxima of 

the micelle-encapsulated dyes was identical to that observed in toluene. On 

the basis of the optical properties of the polymer composite films, we 

confirmed that the dyes were well dispersed in a polymer composite film as 

well as when encapsulated in micelles within a solution. 

To directly observe the dispersion of micelle-encapsulated dyes in 

the polymer matrix, cross sections of the polymer composites were observed 

by obtaining cross-sectional TEM images, as shown in Figure 5-4. The 
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images were obtained from microtomed sections of polymer composites 

embedded in epoxy. 

In the absence of staining, micelle-encapsulated dyes dispersed in 

the polymer matrix could not be discerned in the images. However, after 

selective I2 staining of the PVP blocks, the PVP blocks appeared as dark 

spheres, and the PS blocks appeared as a bright continuous matrix (Figure 5-

4). The alternating gray and white stripes shown in Figure 5-4 were 

attributed to mechanical vibrations during polymer sectioning, which was 

conducted to prepare the TEM sample. These stripes are commonly 

observed in TEM images of polymers. 

As shown in Figure 5-4, PS-PVP micelles dispersed in the PS 

homopolymer matrix were spherical. The micellar structures observed in the 

TEM images of thin micelle films suggested that PS(51)-PVP(18) block 

copolymers form spherical micelles in toluene. Therefore, it is clear that the 

shape of the micelles was maintained in the polymer composite film. The 

average diameter of PVP cores was approximately 14 nm. Moreover, visible 

changes in the internal structure of polymer composites of PS 

homopolymers and micelles were not observed, even after the fluorescent 

dyes were encapsulated in the PVP cores, presumably because a very small 

amount of dye could not change the stable micellar structure. In the TEM 

images shown in Figure 5-4, the micelles were well dispersed in the PS 

homopolymer matrix at a density of 82 micelles/μm2. The density of the 

micelles was determined from the two-dimensional crosssectional TEM 
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images. 

Generally, micelles are well dispersed in a polymer matrix when PS 

homopolymer chains penetrate the corona brush of the micelles [29]. 

Penetration occurs when the corona-forming block of the micelles and the 

polymer matrix are of the same kind and the molecular weight of the PS 

homopolymer is less than three times the molecular weight of the corona-

forming PS block [29]. When these conditions are satisfied, the PS-PVP 

micelles are well dispersed in the PS homopolymer matrix. Figure 5-1c 

illustrates polymer composite films with well-dispersed micelle-

encapsulated dyes. 

Using the model system, we showed that fluorescent dyes that are 

immiscible with a polymer matrix could be dispersed throughout the 

polymer matrix using micellar structures. This strategy can be used to 

control the color of light emitted by an LED. For this purpose, a polymer 

composite of micelle-encapsulated dyes and a polymer matrix was coated 

onto an LED, as illustrated in Figure 5-1d. 

A commonly used method to control the color of light emitted by a 

blue or near-UV LED is to provide a coating of yellow or multichromatic 

phosphors on the LED [22–24]. However, there is a problem of ineffective 

usage of the phosphors in this method. For instance, a part of emissions of 

phosphors is lost due to self-absorption, relatively low light capture 

efficiency, and nonradiative decay. These problems arise because a lump of 

phosphor is placed on an LED surface that is devoid of nanostructures. The 
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nanostructures are required to disperse the phosphor particles [30]. 

By using an LED encapsulant containing well-dispersed 

micelleencapsulated dyes, we can control the color of the light emitted by 

the LED. Namely, if the encapsulant material is coated on an LED, the 

effectiveness of the dyes would be improved because nonradiative decay of 

excited dye molecules caused by macroscopic aggregation of dye molecules 

would be restricted. Moreover, the surface area of the dyes available for 

light absorption would be enhanced because the fluorescent dyes are 

nanoscopically dispersed in the LED encapsulant. 

To demonstrate the feasibility of the proposed color control method, 

we attempted to control the color of light emitted by LEDs by coating the 

LEDs with a polymer composite composed of PS-PVP micelle-encapsulated 

R123 or S101 and a PS homopolymer matrix. Blue LEDs that emitted light 

at a wavelength of approximately 460 nm were employed. 

Figure 5-5 shows the PL spectra of the polymer composites coated 

onto the blue LEDs. Besides the sharp emission peaks at 460 nm, the PL 

intensity maxima were located at 560 nm and 610 nm. These peaks were 

also observed in the PL spectra of micelle-encapsulated dyes in toluene 

(Figure 5-2) and polymer composite films (Figure 5-3); thus, the peaks at 

560 nm and 610 nm were attributed to micelle-encapsulated R123 and S101, 

respectively. In other words, micelle-encapsulated dyes dispersed in a 

polymer matrix were excited by the light from the LEDs and emitted light at 

a different wavelength. 
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We repeated the measurement several times and obtained the same 

spectra as shown in Figure 5-5. Although R123 and S101 are susceptible to 

photobleaching, the dyes were stable enough to demonstrate that the 

emission color of LEDs could be controlled. 

As shown in Figure 5-5, the color of light emitted by the LEDs 

changed from blue to sky blue or purple upon coating the LEDs with 

polymer composites containing R123 or S101. From the PL spectra and the 

photographs, we confirmed that micelle-encapsulated dyes dispersed in 

polymer composites could be effectively used to control the color of light 

emitted by LEDs. 

 

5-4. Conclusions 

We demonstrated nanoscopic dispersion of fluorescent dyes in a 

polymer matrix that was immiscible with the dyes by encapsulating the dyes 

in micellar structures. The color of light emitted by the LEDs could be 

controlled by coating the LEDs with fluorescent polymer composites. 

The proposed color control method appears to be promising. 

Namely, several kinds of micelle-encapsulated dyes can be simultaneously 

dispersed in a polymer matrix without interaction among dyes. If a polymer 

composite is prepared in this manner, the LED will emit lights of different 

colors from specific dyes simultaneously. In addition, the intensity of the 

lights can be adjusted by controlling the amount of micelles in the polymer 



 

 118

composite because the amount of dye in a polymer composite is 

proportional to the number of dye particles encapsulated by micelles. 

Therefore, it is expected that lights of various colors such as white can be 

easily and effectively obtained from a single light source through the use of 

the proposed color control method. 
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Figure 5-1. (a) Molecular structures of R123 and S101, (b) solutions of 

micelle-encapsulated dyes in toluene, (c) blended films of PS 

homopolymers and micelle-encapsulated dyes, and (d) composites of PS 

homopolymers and micelle-encapsulated dyes coated on blue LEDs. 
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Figure 5-2. UV–vis and PL spectra of solutions of PS-PVP micelle-

encapsulated dyes in toluene: (a) R123 and (b) S101. The inset is a 

photograph of a sample under sunlight (left) and UV light (right). The 

excitation wavelength was 442 nm. 
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Figure 5-3. UV–vis and PL spectra of blended films of PS homopolymers 

and PS-PVP micelle encapsulated dyes: (a) R123 and (b) S101. The inset 

shows the photographs of a sample under sunlight (left) and UV light (right). 

The excitation wavelength was 442 nm. 
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Figure 5-4. Cross-sectional TEM images of blended films of PS 

homopolymers and PS-PVP micelle-encapsulated dyes: (a) R123 and (b) 

S101. 

  



 

 124

 

 

 

 

 

 

 

Figure 5-5. PL spectra and photographs of composites of PS homopolymers 

and PS-PVP micelle-encapsulated dyes coated on GaN LEDs: (a) R123 and 

(b) S101. The excitation wavelength was 460 nm. 
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Summary in Korean 

조립  블 공 합체 나 조  능  물질  

나 조  합 하는 과 전  에  에 해 

하 다. 산  아연과 산  티타늄  나 조는 독특한 전  

특  갖  문에 매, , 라  비 한 전   

한 물질  리 연 고 다. 에 하여, 능  물질  

고 게 산  고  나 복합체는 주어진 특  적  

시키는 질  해 하다. 

블 공 합체 ( 후, 블 공 합체) 는  다   

고 가 하나  공 결합  결합 어 는 태  고 , 

미 상 리에 해 , 실린 , 라 라, 마 과 같  나  

사  조  한다. 블 공 합체 나 조  양, 크 , 

간격 등   블  간  피 비  량  조절함  쉽게 

조절할 수 다. 블 공 합체 나 조는 나 조  에칭 

마스크  사 하여 닝하거나 물질 착   

플 트  사 하는 등   다  물질  나 조체  

만드는 에 하다. 에 하여 블 공 합체 마  

매질에 지 않는 물질  마  내에 도 하여 매질에 

산 도  할 수  문에 지 않는  다   물질  

게 하여 콜 드  안정 하거나 마 크 에 젼  
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만드는 에 사  수 다. 

본 학  문  블 공 합체 나 조  한 산  

아연과 산  티타늄 나 조  합   블 공 합체 마  

통해 체가 산  폴리스티  나 복합체에 해 하 다. 

산  아연 나 조는 수열합  해  비 적 낮  

도에  제조 가능하  문에 연 에 적 하 , 합  

산  아연 나 조  도체 특  하 다. 또한, 

산 아연과 산  티타늄 나 조  좋  전  동도  하여 

라 에도 적 하 다. 에 하여 폴리스티 과 지 않는 

극  체  마 에 도 하여 산시키는  

폴리스티  나 복합체  제조하여 다 드  색  

조절하 다. 

제 1 에 는 나 물질  과 , 그리고 

블 공 합체  적 경  간략  하 다. 또한 

블 공 합체 나 조  하여 능  나 조  제조하는 

에 해 도 술하 다. 

제 2 에 는 블 공 합체 나 플 트  수열합  

술  결합한  한 산  아연 나 드  나 월 

조  에 해 하 다. 산  아연 나 조는 

블 공 합체 플 트  크  양에 라 제어 었다.  
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다  량  가지는 블 공 합체  만든 실린  플 트  

 가지   다  산  아연 나 드  제조하 고, 

블 공 합체 라 라 플 트  하여 산  아연 나 월  

제조하 다. 우리는 본 연 에  사 한  결정  없는 

산  아연 막 뿐 아니라 산  아연 단결정 에도 적  

가능하다는 것  보 다. 산  아연 나 조   태양전지  

전극  하  해 전도  산 물  상에도 제조하 다. 

제조   태양전지 특  통해 제조  산  아연 

나 조가 전  전달 물질  과적 라는 것  하 다. 

제 3 에 는 블 공 합체 나 조  수열합  

사 하여 산  아연 나 드  나 월  연  상에  직접 

합 하 다. 블 공 합체 플 트 는  가지  다  

크  갖는 실린  플 트  라 라 플 트  연  

상에  제조하여 사 하 다. 들 플 트들  수직 

향  정  산 아연 나 드  나 월 조  합 하 다. 

합  과정 후  연  상에  합  산  아연 

나 조  도체 특  하 다.  수열합 과 

블 공 합체 플 트  결합한 산  아연 나 조 합  

에 한 별다  공정없  연 전  에 직접 적 할 수 

 보 다. 
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제 4 에 는 졸젤 과 블 공 합체 플 트  결합한 

 통한 산  티타늄 나 드  나 월 트워크 조  

합 과 에 해 술하 다. 플 트 는 수직 향  

정  실린 , 나 월 트워크 조  가지는 블 공 합체 

조립 조  사 하 다. 산  티타늄 전 체 액  코 , 

사 탄  에칭, 그리고 결 공정 등  공정  통해 들 

플 트  산  티타늄 나 조  공적  제조하 다. 

 티타늄 나 조  조  결정  전 미경  엑스 

  통해 악하 다. 산  티타늄 나 조  전 적 

질  하  해 브스카 트 물질  합 하여 산  

티타늄 나 조  함께 브스카 트 태양전지  제조하 다. 

측정  태양전지 특  산  티타늄 나 조는 

전극 , 브스카 트는 층  과적 라는 것  

하 다. 

제 5 에 는 마 에 도  체가 체  지 

않는 고  트릭스에 미 하게 산  수  보 다. 또한, 

러한 고  복합체  다 드에 코 하는  

다 드  색  조절할 수  보 다.  해 

루엔에 지 않는 체  마  루엔 액에 첨가하여 

마  코어에 도 하 다. 마  고  트릭스 내에 집 
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상없   산  수 었 므 , 마  내에 도  체 

역시 고  트릭스 내에 과적  산  수 었다. 게 

만들어진 고  복합체는   질에 계없   

 상에 고 게 도포할 수 다. 라  러한 고  

복합체   에 도포함    

특  조절할 수 다. 

 

주 어: 

블 공 합체 나 조, 도체 나 조, 저  공정, 라 , 연 

,  특  고  나 복합체 
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