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Abstract 

 

My MS research has focused on alternative organic optoelectronic devices as promising technology 

that may be environmentally friendly renewable energy resources and the next generation flat-panel 

display platform. During my research, first, high-performance organic optoelectronic devices 

enhanced by surface plasmon resonance have been demonstrated containing interfacial metal 

nanoparticles such as copper, gold, and copper-gold alloy between indium tin oxide (ITO) and 

poly(3,4-ethylenedioxylenethiophene):polystyrene sulfonic acid (PEDOT:PSS) via a polystyrene-

block-poly(2-vinylpyridine) (PS-b-P2VP) copolymer template. In the organic solar cells (OPVs), the 

improved optical absorption is attributed to the increased electric field in the photoactive layer caused 

by excited localized surface plasmon from the nanoparticles. Moreover, enhanced luminance intensity 

and improved luminous efficiency in organic light emitting diodes (OLEDs) are achieved due to the 

acceleration of the radiative processes at the surface plasmon frequency. A significant effect of the 

SPR is attained in organic optoelectronic devices, which show up to 20% enhanced performance as 

compared with reference devices. Second, a rod-coil block copolymer consisting of poly(3-

hexylthiophene) (P3HT) and poly(N-vinylcarbazole) (PVK) (P3HT-b-PVK) in a single molecular 

architecture is prepared as the first example for white light emitting diodes(WOLEDs). By obtaining 

the phase separated domains in thin film of the resulting block copolymer, it is possible to suppress 

energy transfer from PVK as wide bandgap units to P3HT as low bandgap blocks, yielding dual 

emissions for white electroluminescence with CIE coordination of (0.34, 0.33).  
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CHAPTER 1 

INTRODUCTION 

 

1.1 The Optoelectronic Devices 

The increasing demand for energy and involving environmental problem over the past several 

decades has resulted in a drive for research into possible renewable energy sources that are both 

commercially viable and do not create waste products that are detrimental to the environment. The 

solar energy that reaches the earth’s surface is the largest carbon-free clean energy source, which 

could be harvested with photovoltaic cells that generate useful electric energy from sun light 

through multiple steps of energy conversion processes.  

Current solar cell markets based on inorganic silicon are environmentally clean, but expensive, 

even though they have relatively high power conversion efficiencies.1 Due to this problem, organic 

solar cells are in the spotlight as a next generation renewable energy sources.  

Organic based solar cells (OSCs) have great advantages of easy fabrication, low cost, and 

mechanically flexible photovoltaic devices over a large area.2,3 Significant efforts have been done 

in recent years to improve the efficiency of PSCs using a variety of different processing strategies 

such as a well-understanding of device physics,4-6 new materials for high-performance,7-9 

optimization of morphologies by an advanced processing methods,10-12 and device 

architectures.13,14 However, the power conversion efficiency is not enough yet up to the level for 

commercialization and further enhancement is still required for practical applications.  

All types of lighting account for about 22 percent of the nation’s electricity consumption with 40 

percent of that amount consumed by inefficient incandescent lamps which have only energy 

conversion efficiency of 10 percent. About 90 percent of the energy goes to the production of heat. 

Fluorescent lamps have 70 percent conversion efficiency but still a significant amount of the used 

energy is wasted.15 Not much progress has been done in the energy efficiency of all the 

conventional light sources within the past fifty decades.  

In recent years, one of the new emerging light technologies which have the potential of 

becoming more energy-efficient than the existing light sources is the organic light emitting diodes 

(OLEDs) combined with low cost, lightweight, easily processable and high throughput 

manufacturability. In the area of OLEDs, in particular, white organic light emitting diodes 

(WOLEDs) have been attracting more and more attention due to their potential applications in 

backlights for flat-panel displays and solid-state lighting sources.16,17 

A lot of researches have been devoted to developing WOLEDs, for example, stacking the multi 
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emissive layers in a single device structure,18,19 using doped or blended polymeric system with 

different fluorescent or phosphorescent materials.20-22  

 

1.1.1 The Photovoltaic Effect 

The photovoltaic effect is the creation of a voltage or a corresponding electric current in a 

material upon exposure to radiation in light which is made up of packets of energy, called photons. 

The photovoltaic effect is different in that the generated electrons are transferred from the valence 

to conduction bands within the material, resulting in the buildup of a voltage between two 

electrodes. In the solar spectrum, only 45 percent of incident light energy is in the visible light 

range, while around 50 percent is in the infrared range (IR). The photons in ultraviolet (UV) and 

visible range have enough energy to pump electrons between different bands in semiconducting 

material, and this can be effectively used for charge generation. On the other hand, not enough 

energy is provided in IR waves to excite electrons. (Figure 1.1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Solar spectrum and its distribution. 
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The discovery of the photovoltaic effect is commonly ascribed to Becquerel, a French physicist 

who discovered that certain materials produced small amounts of photocurrent when platinum 

electrodes covered with silver bromide or silver chloride was illuminated in aqueous solution.23  

Albert Einstein explained the photoelectric effect in 1905, where blue or ultraviolet light provides 

enough energy for electrons to escape completely from the metal surface, which established the 

foundation for a theoretical understanding of the photovoltaic effect.  

In most cases, when light is absorbed by matter, photons are given up to excited electrons to 

higher energy states within the material, but the excited electrons promptly relax to the ground 

state, while there is some built-in difference which pulls the excited electrons away before they can 

relax back in the photovoltaic devices. (Figure 1.2) 

 

 

 

Figure 1.2. Photovoltaic effect. 

 

 

The photovoltaic process is composed of following four steps: light absorption, charge 

generation, charge transport, and charge collection. Light absorption occurs when the material has 

a semiconducting property that responds to incident light. After that the incident photon hits 

electrons at the ground state, semiconductor materials create free carriers and they slightly relax 

and form an exciton which consists of a bounded electron and hole pair. The dissociation of this 

electron-hole pair produces free charge carriers which are transported through their respective 

phases to the electrodes in order to be extracted. 
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1.1.2 Electroluminescence 

Electroluminescence (EL) is a phenomenon in which a material emits light involving non-

thermal generation when electricity is passed through it as shown in Figure 1.3. This process is the 

result of radiative recombination of electrons and holes in a semiconductor material. Before 

recombination, electrons and holes may be separated either by doping the material to form a p-n 

junction or through excitation by impact of high-energy electrons accelerated by a strong electric 

field. When injected electrons and holes are recombined by the application of an external electric 

field in a material, these pairs relax to the ground state and release their energy with radiation of 

light, called photons. Electroluminescence is one of the greatest discoveries of the twentieth 

century, which is first founded for inorganic materials in 1936 by Destiriau.24 By using this process, 

the devices are fabricated using thin films of either organic or of inorganic materials which contain 

a host material or bulk semiconductor and a dopant of the visible color emitted.  

 

 

 

 

 

Figure 1.3. Principles of operation of a thin film electroluminescent device. 

 

 



５ 

 

1.2 The History of Optoelectronic Devices 

1.2.1 The Photovoltaic Cells 

The first report of photovoltaic effect is ascribed to Becquerel in 1839 when he discovered that a 

photocurrent on a silver coated platinum electrode immersed in electrolyte. In 1876, Adams and his 

coworker made the first reports on solid state photovoltaic devices which were produced in a 

sample of selenium when contacted by two heated platinum contacts.25 They founded that a current 

was produced spontaneously by light without any external power supply. In 1894, Fritts developed 

the first large-area photovoltaic device by a layer of selenium between gold and another metal. 

Anthracene was the first organic compound in which photoconductivity was observed by 

Pochettino in 1906.26 During the 1930s, the theory of metal- semiconductor barrier layers was 

developed by Walter Schottly, called Schottly barrier devices.  

In the 1950s, the significant development of silicon electronics followed a way to manufacture 

p-n junction in silicon PV cells achieved significant improvement of efficiency with first practical 

application. In 1954, by Chapin, Fuller and Pearson at Bell Laboratories, the first silicon solar cell 

was reported with an efficiency of 6%.27 Also in same year, a cadmium sulphide p-n junction was 

produced with an efficiency of 6%. Today Si-based solar cells are by far the most dominating type 

of PVs used and account for 99% of all PVs.  

In the 1970s, the energy supply crisis led to a sudden growth of interest in alternative sources of 

energy. With this trend, PVs had attracted considerable interest. Research focused on developing 

device physics and process technology. Methods to reduce the production costs of thin film 

technologies using amorphous silicon or microcrystalline silicon were also actively investigated. 

Additionally, research into tandem cell structures and band gap tuning of semiconducting materials 

was conducted during this period to improve power conversion efficiency.  

In 1990s, interest in PVs increasingly expanded due to the awareness of the need to new energy 

sources alternative to fossil fuels along with the environmental issues related to global warming. In 

the early 2000s, PV technology has begun to impact the world by encouraging the expansion of 

energy resources from oil to green energy.  

In the field of organic solar cells, after discovery of organic dyes in 1960s, Tang realized bi-layer 

PV device consisting of CuPC and a perylene derivative with efficiency of 1 percent.28 In the early 

2000s, Alan J. Heeger and his coworkers won the Nobel Prize on establishment of organic 

semiconductor.29 From their findings, organic materials have been a subject of intense interest for 

new future of PV technology. This discovery has prompted a lot of active researches. (Figure 1.4) 
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Figure 1.4. Same important milestones in the development of organic solar cells. 

 

 

1.2.2 Organic Light-Emitting Diodes 

After the first EL phenomenon was discovered by Destriau in 1936, EL from organic crystals 

which is single crystal anthracene was reported in 1963 by Pope.30 They reported EL from a thick 

anthracene crystal when a bias of several hundred volts was applied across it. Following this, EL 

obtained from organic crystals at lower voltages than previous work. But the devices still required 

high drive voltages due to large crystal thicknesses in the order of tens of micrometers. Due to the 

high working voltages required to obtain EL from these organic crystal-based devices and the 

resulting low device efficiencies and lifetimes compared to those obtained from existing inorganic 

light-emitting devices, research activities were focused on inorganic materials and improving 

devices with those inorganic materials.  

The breakthrough was achieved by Tang and VanSlyke at Eastman Kodak Company in 1987 

that made a bilayer structure by thermally evaporating the small molecular weight organic 

materials.31  The reported device consisted of a junction formed by vacuum deposition of two thin 

layers of small molecular weight hole transporting diamine and light emissive-electron transporting 

tris(8-hydroxyquinoline) aluminum (Alq3) materials between Indium Tin Oxide (ITO) anode and 

Mg-Ag cathode. They achieved a novel green-light-emitting organic device with unique 

characteristics of high EL efficiency, fast response, low drive voltage and simple fabrication 

procedure initiated worldwide interest in the development of organic light-emitting diodes.  
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Following the success of fabricating small molecular OLEDs, another significant work 

concerning the evolution of OLEDs was published in 1990 by Burroughes, where EL was reported 

from a single-layer of polymer LEDs (PLEDs) by spin coating method.32 The device consisted of 

highly fluorescent poly(para-phenylene vinylene) (PPV) polymer as the active material onto a 

indium tin oxide (ITO) coated glass.  

After conductive polymers were discovered by Alan J. Heeger, Alan G. MacDiarmid, and 

Hideki Shirakawa, these discoveries have led to intense worldwide interest in new materials for 

incorporation into OLEDs for practical applications: primarily in full-color flat-panel displays and 

solid state lighting. 

 

1.3 Outline of the Thesis 

The introduction chapter covered general knowledge of OPVs and OLEDs. More specific 

information about the device working principles, materials, fabrication methods, and device 

structures of OSCs and OLEDs will be discussed in the Chapter 2 and 3, respectively. In Chapter 4, 

I’ll demonstrate that the high performance optoelectronic devices enhanced by surface plasmon 

effect. Chapter 5 discusses a new approach to white light from a single rod-coil diblock copolymer.  
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CHAPTER 2 

BACKGROUND OF OPVS 

 

This chapter will be covered general information of OPVs on a process of development and 

device principle, and important parameters. In general, OPVs have been greatly achieved 

according to the development of the device structure. For the device, I’ll introduce the critical 

parameters characterizing the device performance and operating principles more detail. 

 

2.1 Types of Junctions for OPV Cells 

2.1.1 Single Layer OPV Cells 

The single layer OSCs are the simplest form among various organic solar cell structures which 

are comprised of a transparent electrode/organic light-absorbing material/metal electrode as shown 

in Figure 2.1a. Typically, the solar cell is sandwiched between an ITO glass as a bottom electrode, 

that is, the hole-collecting anode, and thermally evaporated metals as a top electrode such as Al, 

Ag, and Au, that is, the electron-collecting cathode. 

The potential of work function between two different electrodes sets up an electric field across 

the organic layer. When light is absorbed in the organic layer, electrons are promoted from the 

highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) 

forming excitons. The potential created by the asymmetric work functions helps to separate the 

exciton pairs, where electrons must reach one electrode while the holes must reach the other 

electrode.  

After Kearns reported the photovoltaic effect with magnesium phthalocyanines (CuPh),1 

Weinberger used polyacetylene as an organic layer, which had an open circuit voltage ( ) of 

0.3V and power conversion efficiency (PCE) of 0.3% in 1982.2 Karg fabricated an ITO/PPV/Al 

cell, showing  of 1V and PCE of 0.1% under white light illumination.3  

However, single layer organic solar cells have several problems, for example, low quantum 

efficiency due to the intrinsically low mobility of charges and low PCE attributed to the exciton 

formation, which are strongly bound dipole charges of photoexcited semiconducting organics. To 

solve these problems, the bilayer cell was developed by inserting an acceptor layer between a 

donor organic material and a cathode for the more efficient dissociation. 
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Figure 2.1. Four device architectures of conjugated polymer-based photovoltaic cells (a) single-

layer PV cell (b) bilayer PV cell (c) disordered bulk heterojunction (d) ordered bulk heterojunction. 

 

2.1.2 Bilayer OPV Cells 

The bilayer OPV cell structure includes an additional electron transporting layer between the 

conductive electrodes as depicted in Figure 2.1b. Two different layers have differences in electron 

affinity and ionization energy, energy level offsets at heterjunctions are shown to be essential to the 

operation of device because of the fundamental nature of the photogeneration process. One key 

improvement to the structure of OPV cells made by Tang in 1985 when he discovered that, by 

making two-layer PV cells with organic semiconductors that have offset energy bands, the external 

quantum efficiency (EQE) improved to 15% at the maximum absorption wavelength. This increase 

resulted from improving exciton dissociation efficiency by adding electron transporting material 

that forms an offset energy band with hole transporting material.  

In 1993, first bilayer technique was applied to a conjugated polymer PV cell by evaporating C60 

as an electron transporting material on top of a spin-cast poly[2-methoxy-5-(2’-ethyl-hexyloxy)-

l,4-phenylene vinylene] (MEH-PPV) hole transporting material by Sariciftci.4 In this OPV cell, the 

obtained PCE was 0.04% under monochromatic incident light, and showed only a slight 

improvement over pure polymer films. Halls optimized the thickness of MEH-PPV and C60 layer 

and obtained 9% EQE.5  

In bilayer OPV cells, the diffusion length of excitons in organic electronic materials is typically 

on the order of 10-20nm. For more efficient diffusion of exciton, the organic layer is needed in the 

same range with the diffusion length. Because the exciton diffusion length in a conjugated polymer 

is typically less than the absorption length of the material, the EQE of a bilayer device made with a 

conjugated polymer and another semiconductor is ultimately limited by the number of photons that 

can be absorbed within an exciton diffusion length of the interface. 
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2.1.3 Bulk Heterojunction OPV Cells 

Bulk heterojunction is a blend of the donor and acceptor materials in a bulk which exhibits phase 

separation in a 10-20nm in a nanoscale interpenetrating network system. (Figure 2.1c, d) In the 

bilayer structure, the donor and acceptor phases are completely separated from each other, while 

both phases of the bulk heterojunction are intimately intermixed. From this point, the bulk 

heterojunction system has increased the interfacial area than bilayer and resulted in significantly 

improved efficiency in the cells. 

Yu investigated a phase-separated polymer blend composite made of MEH-PPV as a donor and 

cyano-PPV (CN-PPV) as an acceptor.6 The photoluminescence from each of the polymers was 

quenched, which indicates that the rapid and efficient separation of photogenerated electron-hole 

pairs within the film reaches an interface with the other polymer and dissociated before 

recombining. This cell gave 0.9% PCE, which is 20times larger than that of made bilayer with 

same materials. 

In 1995, Yu founded that, by the blending of conjugated polymer with a solublized form of C60, 

called (6,6)-phenyl C61-butyric acid methyl ester (PCBM), the better photoluminescence quenching 

and carrier transport could be achieved, resulting in 2.9% PCE as shown in Figure 2.2.7  

 

 

Figure 2.2. Schematic diagram of the photoinduced from charge transfer process in MEH-PPV : 

C60 D-A blends. 
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The next significant improvement in OPV fields was by using poly(3-hexylthiophene) (P3HT) 

as a hole transporting polymer. Padinger switched the conjugated polymer from PPV derivatives to 

P3HT and it achieved a further increase with 3.5% PCE under white light illumination.8  

In 1995, Li fabricated a blend OPV cell using P3HT and PCBM of PCE of 4.4%.9 This 

significant improvement in efficiency is attributed to controlling the active layer growth rate 

resulting in an increased hole mobility and balanced charge transport. By solvent annealing, P3HT 

and PCBM formed an interdigitated blend film where P3HT forms crystalline morphology and 

PCBM aggregates are embedded and this phase separated morphology enhanced mobility of the 

conjugated polymer. 

 

 

 

 

 

Figure 2.3. Schematic illustrations of vertical component distributions in the cross-sectional active 

layer of the composite film induced depending on the solvent annealing conditions a) a 

homogeneous distribution, b) a PCBM-rich, and c) a PCBM-poor distribution near the top 

electrode.  

 

 

 

 

For the hybrid solar cells, inorganic nanoparticles instead of PCBM or C60 were blended with 

conjugated polymer such as quantum dot, metal oxide nanoparticles. Organic materials usually are 

inexpensive, easily processable, and their functionality can be tailored by molecular design and 

synthesis, while inorganic materials have tenability of photophsical properties. 
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2.2 Device Physics of the OPVs 

2.2.1 Basic Process in OPVs 

The process of conversion of light into electricity of OPVs can be schematically described by 

the following steps:10 (Figure 2.4) 

Step1. Light absorption 

Step2. Exciton dissociation 

Step3. Charge transfer 

Step4. Charge collection 

 

 

 

Figure 2.4. Conversion steps and loss mechanism of light power into electric power.  

 

To create a working OPV cells, photoactive materials are sandwiched between two electrodes. 

Absorption of a photon leading to the formation of an excited state, the bound electron-hole pair 

creation, exciton diffusion to a region where exciton dissociation, that is, charge separation occurs, 

and charge transport within the organic semiconductor to the respective electrodes. 



１７ 

 

2.2.1.1 Light Absorption 

The first step is light absorption leading to formation of exciton. When sunlight is absorbed in 

photoactive materials, an electron is promoted from HOMO to LUMO forming an exciton. For an 

efficient collection of photons, the absorption spectrum of the photoactive organic layer should 

match the solar emission spectrum and the layer should be sufficiently thick to absorb all incident 

light. In case of organic devices, only a small portion of the incident light is absorbed since the 

bandgap is too high. A bandgap of 1.1eV is required to absorb 77% of the solar radiation on earth 

whereas the majority of semiconducting polymers have bandgap higher than 2.0eV, limiting the 

possible absorption to about 30%.  

A better overlap with the solar emission spectrum is obtained by lowering the band gap of the 

organic material, but this will ultimately have some bearing on . Increasing the layer thickness 

is advantageous for light absorption, but burdens the charge transport. 

 

2.2.1.2 Exciton Dissociation 

Charge creation is one of the main steps in photovoltaic devices in the conversion of solar light 

into electrical energy. In most organic solar cells, charges are created by photoinduced electron 

transfer. In this reaction an electron is transferred from an electron donor (D), a p-type 

semiconductor, to an electron acceptor (A), an n-type semiconductor, with the aid of an absorbed 

photon (hν). In the photoinduced electron transfer reaction the first step is excition of the donor 

(D*) or the acceptor (A*), followed by creation of the charge-separated state consisting of the 

radical cation of the donor (D•+) and the radical anion of the acceptor (A•-). 

 

D + A + hν → D* + A (or D + A*) → D•+ + A•- 

 

Ideally, all photoexcited excitons should reach a dissociation site. Since such a site may be at the 

other end of the semiconductor, their diffusion length should be at least equal to the layer thickness 

for sufficient absorption, otherwise they recombine and photons are wasted. Exciton diffusion 

lengths in organic semiconductors are usually around 10-20 nm. 
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Step 1 

 

 

Step 2 

 

Step 3  Step 4 

 

 

Figure 2.5.Principle of solar cell operation. 

 

 

 

 

 

2.2.1.3 Charge Transfer 

The energy of the absorbed photon is used for generation of the charge separated state and is 

affected by recombination process during the journey to the electrodes. The charge carriers need 

two driving forces to reach the electrodes; a gradient in the chemical potentials of electrons and 

holes and the concentration gradients of the respective charges, which lead to a diffusion current. 

When the charge separated state is stabilized, the photogenerated charges can migrate to one of the 

electrodes. 

 

2.2.1.4 Charge Collection 

The last step is charge collection that charge carriers are extracted from the device through two 

selective contacts. The collection of charge carriers at the electrodes is regularly accomplished by a 

transparent conductive oxide (TCO) such as ITO or FTO on one side and a metal contact on the 

other side with accompanied with ohmic contact between the electrodes and the molecular layer. 

Well-matched work function of two electrodes is one of the important factors in OPVs. 
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2.2.2 Characteristics of OPVs 

2.2.2.1 Efficiency 

The photovoltaic power conversion efficiency of a solar cell is determined by the following 

formula: 

 

These four quantities: , ,  and  are the key parameters of a solar cell under 

illumination conditions. is the open circuit voltage,  is the short circuit current,  is the 

fill factor, and  is the incident light power density. The Standard Test Condition (STC) for solar 

cells is the Air Mass 1.5 spectrum, an incident power density of 1000 W m-2. (Figure 2.6)  

The open circuit voltage is the difference of electric potential between two terminals of a device 

when there is no external load connected. Generally, in case of metal-insulator-metal device is 

determined by the work function difference of two metal contacts,11 while the maximum available 

voltage is determined by the difference of the quasi Fermi levels of the two semiconductors in p-n 

junction. For organic solar cells, the open circuit voltage is linearly dependent on the HOMO level 

of the donor and LUMO level of the acceptor.12 For the ideal diode,  

 

where,  is a constant,  is Boltzmann’s constant and  is temperature. 

The short circuit current is the current through the solar cells when the voltage across the device 

is zero, which is determined by the product of the photoinduced charge carrier density and the 

charge carrier mobility within the organic semiconductors. 

 

where, n is the charge carrier density, e is the elementary charge,  is the mobility, and E is the 

electric field. 

Fill factor is determined by charge carriers reaching the electrodes, when the built-in field is 

reaching toward the open circuit voltage. Hence, the mobility and series resistances influence the 

fill factor. It is defined as the ratio of the actual maximum obtainable power to the theoretical 

power. 

 

where,  is the maximum power output of the current and voltage. 
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Figure 2.6. The current-voltage characteristic of a solar cell and corresponding electrical power 

density output.  

 

 

 

2.2.2.2 Quantum Efficiency 

Quantum Efficiency (QE) is the ratio of the number of charge carriers collected to the number of 

photons of a given energy shining on the solar cells. Photon energy varies with the wavelength of 

photon, and QE depends on the different wavelengths of light.  

In solar cells, two types of QE are considered, external quantum efficiency (EQE) and internal 

quantum efficiency (IQE) as shown in Figure 2.7. EQE is the ratio of the number of 

photogenerated electrons collected under short circuit conditions to the number of incident 

photons.13  

 

 

 

where,  is the photon absorption yield which is determined by the optical absorption 

coefficient of the photoactive materials.  is the exciton diffusion yield, which represents the 
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ability of exciton to diffuse through the polymer without recombination. The parameter  is the 

exciton dissociation yield which is the probability that the hole and electron will be separated by 

the internal electric field at a heterojunction.  value is the charge carrier transport yield and  

is the charge collection yield which represents the ability of the charges to be transferred from the 

photoactive layer to the electrodes. 

IQE is the ratio of the number of charge carriers collected by the solar cell to the number of 

photons of a given energy that shine on the solar cell from outside and is absorbed by the cell 

without reflection and transmittance. Poor IQE value indicates that many electrons are 

recombination. Poor EQE can be either a reflection of poor internal efficiency or can mean that 

large amounts of the light reaching the cell are unavailable for use because it is being reflected 

away by the cell or allowed to pass through it. 

 

 

 

 

 

 

 

 

Figure 2.7. IQE, EQE, and reflectance with wavelength. 
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2.3 Materials and Methods 

2.3.1 General Materials 

General Materials for OSCs is the conjugated polymer having a delocalized π-electron system 

which can absorb light, create photogenerated charge carrier, and transport charges.14   

Research on organic solar cells generally focuses either on solution processable organic 

semiconducting molecules/polymers or on vacuum-deposited small-molecular materials. As an 

example, phthalocyanine is a representative of the p-type, hole conducting material that works as 

electron donor. Perylene and its derivatives show an n-type, electron conducting behavior and 

serve as electron acceptor materials. 

In addition, for hole conducting donor type polymers, poly[2-methoxy-5-(3,7-

dimethyloctyloxy)]-1,4-phenylenevinylene (MDMO-PPV), poly(3-hexylthiophene) (P3HT) are 

mainly used together with electron-conducting acceptor polymers like poly-[2-methoxy-5-(2'-

ethylhexyloxy)-1,4-(1-cyanovinylene)-phenylene (CN-MEH-PPV), and poly(9,9’-

dioctylfluoreneco-benzothiadiazole) (F8TB), and a soluble derivative of C60, namely PCBM. 

(Figure 2.8) 

 

 

 

Figure 2.8. Examples of organic semiconductors used in organic solar cells. 
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2.3.2. Preparation Techniques 

Vacuum evaporation and solution processing techniques are commonly used for preparation of 

thin film in the production of OSCs. For materials for evaporation, thermal stability is required due 

to decomposition of polymer under excessive heat. For that reason, evaporation method is used for 

small molecules which have more thermally stable than polymers. Most of polymer based 

photovoltaic elements are solution processed at low temperatures. The printing/coating techniques 

are used to deposit conjugated polymers, for example, (a) spin coating, (b) doctor blading, (c) 

screen printing, and (d) inkjet printing, as presented in Figure 2.9.14  

 

(a) 

 

(b)                                     

 

 

Figure 2.9. (a) vacuum evaporation (b) spin-coating. 
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CHAPTER 3 

BACKGROUND OF OLEDS 

 

This chapter will be covered general information of OLEDs on simple device structure, working 

principles, and main factors for device characteristics.  

 

3.1 Basic Structure of OLEDs 

Electroluminescence is a process which involves non-thermal generation of light from a material 

under electric field. After EL was first discovered for inorganic materials by Destriau,1 OLEDs 

have received much attention over many years due to their potential for applications in full color 

displays and solid state lighting.  

The first OLED was reported by Tang and Van Slyke in 1987 at Eastman Kodak.2 The structure 

of a simple bilayer OLED consists of a hole transport layer (HTL) and electron transport layer 

(ETL) sandwiched between an anode and cathode.  

 

3.1.1 Single Layer OLEDs 

The simplest OLED devices is consisting of one active layer with two injecting contact as shown 

in Figure 3.1a. For more efficient charge injection, the work function of the cathode metal is 

usually low to facilitate efficient electron injection into the active material while the work function 

of the semi transparent anode is preferable high. Holes injected from the anode are transported 

toward the cathode by the high electric field and recombine with electrons injected from the 

cathode. Parker has made a conclusion that carrier injection in such devices is governed principally 

by the tunnel barriers, since most organic materials used in thin-film LEDs do not transport both 

carrier types with comparable mobility.3,4  Generally, single layer devices give very poor 

efficiency and brightness. 

 

 

 

Figure 3.1. (a) single layer device structure, (b)-(d) multilayer device structure. 
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3.1.2 Multilayer OLEDs 

The use of two or more different materials to perform the required functions of efficient light 

emission and good electron injection and hole injection and transport properties in an OLED has 

resulted in orders of magnitude improvement in device performance. (Figure 3.1b-d) 

The introduction of one or more layers of charge transport materials in addition to the emitter 

layer provides a powerful means to controlling charge injection, transport, and recombination in 

OLEDs. The presence of an ETM layer in the two layer OLED configuration based on a p-type 

emitter not only lowers the barrier for electron injection but also serves to block holes since the 

ionization potential (IP) of ETMs are generally large. Since hole mobility is orders of magnitude 

larger than electron mobility in most emissive organic semiconductors, existence of an ETM layer 

can dramatically reduce the hole current and the greater electron mobility than hole mobility in the 

ETM. Similarly an HTM layer in combination with an n-type emitter, such as aluminum quinolate 

(Alq3)5 or polyquinoline6, can significantly improve OLED performance, in this case, the HTM 

facilitates hole injection and blocks electrons. 

 

3.2 Device Physics of OLDEs 

3.2.1 Basic Process of OLDEs 

The working mechanism of OLEDs can be described in three different stages as follows:7  

Step1. Carrier injection 

Step2. Carrier transport 

Step3. Carrier recombination and emission (Figure 3.2) 

 

 

Figure 3.2. Principle of OLEDs. 
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This first stage of carrier injection involves the injection of carriers from the electrodes into the 

organic layers in the presence of an applied electric field. Carrier injection and transportation 

properties in OLEDs are determined by hopping of charge carriers between localized states in the 

organic layers and from delocalized states in the metal to localized states in the organic layer.8  

When a forward bias is applied, holes are injected from the positively biased anode into the HTL 

and electrons are injected from the negatively biased metal cathode into the ETL.  

If two molecules are separated by a potential barrier, a carrier on one can move to the other 

either by tunneling through the barrier or by moving over the barrier via an activated state, called 

hopping. The actual transit rate from one site to another depends on their energy difference and on 

the distance between them. The energy states involved in the hopping transport of holes and 

electrons form narrow bands around the HOMO and LUMO levels.  

Taking the traps within the organics into consideration, charge transport through the organic 

layers can be divided into four different regimes: ohmic, space-charge limited, trap-charge limited 

and trap-filled space-charge limited.9  

After carrier injection and transport, both electrons and holes can recombine to form various 

excited states such as singlet and triplet exitons, where parallel spin pairs recombine to form triplet 

excitons and anti-parallel spin pairs recombine to form singlet excitons.10 (Figure 3.3) 

 

 

 

Figure 3.3. Various excited states of excitons. 

 

Statistically, the carrier recombination creates singlet and triplet excitons at a ratio of 1:3. In 

fluorescent OLEDs, singlet excitons decay radiatively and in phosphorescent OLEDs, both singlets 

and triplets contribute to photon emission. The HOMO and LUMO levels of the organic materials 

used in the device help determine in which layer the carriers recombine and photon emission 

occurs. 
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3.2.2 Performance Parameters 

In OLED, there are various parameters such as external quantum efficiency, luminance, 

luminance efficiency, radiance, radiance Efficiency and lifetime which indicate the performance 

characteristics of a particular device. In this section, EQE and luminance efficiency will be 

described in detail as they are two important parameters. 

 

3.2.2.1 Quantum Efficiency  

The active region of an ideal OLED emits one photon for every electron injected. Each charge 

quantum-particle (electron) produces one light quantum-particle (photon).  

The internal quantum efficiency is defined as  

 

where  is the optical power emitted from the active region and I is the injection current. 

Photons emitted by the active material should escape from the device. In an ideal ideal, all 

photons are emitted into free space. It is represented  

 

where P is the optical power emitted into free space. In extraction, it has several loss 

mechanisms such as reabsorbing in the substrate, light trapping, and internal reflection.  

The external quantum efficiency is defined as 

 

The external quantum efficiency gives the ratio of the number of useful light particles to the 

number of injected charge particles. 
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Figure 3.4. Scheme of EL process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



３１ 

 

3.2.2.2 Luminance Efficiency 

The luminance efficiency or the luminance current efficiency (cd/A) is the ratio of the luminance 

(L, cd/m2) of the light emitted to the input current density (J, A/m2). The luminance current 

efficiency is useful for gauging the influence of current on the device performance. 

 

3.2.2.3 Color Quality 

There are two critical parameters which define the color quality of a light source, the color 

rendering index (CRI)11 and Commission Internationale d'Eclairage (CIE) chromaticity.12 For 

general illumination a light source should have good color rendering performance equivalent to 

that of a black body source at 3000-6000 K, high-energy efficiency and Commission Internationale 

d'Eclairage (CIE-1931) chromaticity coordinates (x, y) close to the equal energy white (EEW) (0.33, 

0.33). CRI is a numerical measurement of how true colors look when illuminated with the light 

source. It is measured in 0-100 scales, with 100 representing true color reproduction. The color of 

light is expressed by the CIE colorimetry system. (Figure 3.5) Any color can be expressed by the 

chromaticity coordinates x and y on the CIE chromaticity diagram. The boundaries of this 

horseshoe-shaped diagram are the plots of monochromatic light, called spectrum loci, and all the 

colors in the visible spectrum fall within or on the boundary of this diagram. 

 

 

 

Figure 3.5. CIE (x, y) chromaticity diagram. 
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3.3 White OLEDs 

The history of OLEDs that emit white light started some 15 years ago when Kido and coworkers 

reported that they had succeeded in fabricating OLEDs generating light that contained wavelengths 

across the entire visible part of the spectrum.13 To date, researchers throughout the world in both 

industry and academia are developing these WOLEDs for the next generation of solid-state light 

sources and backlighting for flat-panel displays. 

As a source of white light, an ideal WOLED should emit a continuous spectrum covering the 

entire visible range. White light can be obtained an appropriate combination of the three primary 

colors, red, blue and green, or any two complementary colors such as cyan and red. 

In this section, I’ll briefly cover how to realize to emit white light and the related physics. 

 

3.3.1 Approaches to White Light Generation 

3.3.1.1 Multilayer WOLEDs 

The first multilayer WOLED of multilayer type was reported in 1995 by Kido based on vacuum 

deposited small molecules. 

Generally, a high-energy emitter and a relatively low-energy emitter can be combined to obtain 

white light emission. In multi-layer electroluminescent devices consisting of red, blue and green 

emitting layers, the spatial location of recombination zones are controlled by matching the HOMO 

and LUMO levels of each layer or even by the application of hole or electron blocking layers in the 

device. (Figure 3.6a) However, one of the drawbacks of this scheme is that the emission spectrum 

usually changes as the voltage applied to the device is increased because the resulting increase in 

the internal electric field has a different effect on the kinetics of electrons and holes.14  

(a)                                                (b) 

    

 

 

 

 

 

 

 

Figure 3.6. The approaches to generate white lightfrom OLEDs include: (a) using a single device 

stack with several layers emitting in different regions of the spectrum on top of each other, (b) 

blending lumiphores emitting at different colors into a single layer. 



３３ 

 

3.3.1.2 WOLEDs by Blending 

Possibly the most straightforward way to combine the different lumiphores required to generate 

white light, is to blend them. In this approach, the emitting layers are doped with photoluminescent 

dyes to precisely tune the color of the light emitted from each of the layers. (Figure 3.6b) For color 

tuning using dye doping, energy transfer from the host to the dopants results in light emission that 

is a combination of emission from both the host and the dopants. By altering the dopants or 

changing the concentrations of the dopants in the host layer, the color of the light emitted from the 

device can be closely controlled. 

Doping the matrix material with one or several lumiphores risks that the blend phase-separates 

over time which will result in film inhomogeneities, shifts in the color of the emitted light, and a 

local increase in current density. Due to their generally lower miscibility, polymeric materials are 

particular prone to this effect. 

However, blending approaches are generally considered to offer simpler device fabrication than 

the multilayer approaches. If all components required to generate white light are mixed into one 

material, one can fabricate a WOLED with a single active layer that is sandwiched between two 

electrodes. This reduces the number of processing steps for device fabrication and allows 

straightforward deposition of the active layer using conventional solution-based processes. 

 

3.3.2. Energy Transfer  

The energy transfer from the host to the dye and subsequent emission from the dye can be due to 

several different processes such as Förster and Dexter energy transfer reactions as depicted in 

Figure 3.7. 

Förster energy transfer is an efficient non-radiative energy transfer process which involves a 

dipole-dipole coupling of the transition dipole moments for the excited host or donor and the dye 

or acceptor in its ground state.15 When an excited donor/exciton relaxes, its energy is transferred 

via a strong Coulombic interaction with a dye molecule. The dye molecule then emits this energy 

as light with the appropriate color and high luminance. The rate of the energy transfer relative to 

the radiative relaxation of the donor molecule determines whether the light emitted from the whole 

layer is exclusively from the dye dopant or from both host and dopant molecules.  

 

 

 

where  is the rate of energy transfer and  is the distance between two dipole, μD and μA. 

It is clear that the efficiency of Förster transfer is highly dependent on the average molecular 
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spacing.  

An alternative process for energy transfer is the Dexter energy transfer which involves an 

electron exchange mechanism with singlet-to-singlet and triplet-to-triplet transitions.16 In this 

process, simultaneous or consecutive electron transfers lead the donor to its ground state and the 

acceptor to its electronic excited state. It essentially involves diffusion of excitons from donor to 

acceptor. 

For Förster/Dexter energy transfer the separation of the host-guest molecules is of prime 

importance and it will correspond to an optimal dye concentration of ~1% for fluorescent dyes and 

~10% for phosphorescent dyes.17 The fluorescent dyes can only utilize singlet states via Förster 

energy transfer, while phosphorescent dyes can utilize singlet as well as triplet states via Dexter 

energy transfer. Utilization of singlets as well as triplets leads to a tremendous increase in the 

efficiency of the device. 

 

 

 

 

 

Figure 3.7. Förster/Dexter energy transfer. 
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CHAPTER 4 

HIGH PERFORMANCE ORGANIC OPTOELECTRONIC DEVICES 

ENHANCED BY SURFACE PLASMON RESONANCE 

 

4.1 Introduction 

Organic optoelectronic devices are regarded as promising technology that may be 

environmentally friendly renewable energy resources and the next generation flat-panel display 

platform.1-3 Significant efforts over the last decade have been made to improve the efficiency of 

polymer-based optoelectronic devices using a variety of different processing strategies, such as 

better understanding of the device physics,4-7 new materials for high performance,8-11 optimization 

of the morphologies by advanced processing methods,12-16 and advanced device architectures.17-19 

However, the performance of these devices is not yet up to the level for commercialization, and 

further enhancement is required for practical applications.  

One approach to improve the efficiency of OSCs is to promote photon absorption inside the 

organic thin film. To increase absorption in the organic layer, a thicker active layer is inevitable, 

resulting in increased device resistance which is attributed to low carrier mobility. From this 

perspective, the surface plasmon resonance (SPR) can be an effective approach to enhance the 

photogeneration of excitons, resulting in light trapping by increasing the photon absorption 

efficiency of the organic materials with the incorporation of plasmonic nanomaterials in the 

photovoltaic devices, while keeping their optical thickness. For organic light-emitting diodes 

(OLEDs), generally, the incorporation of metal nanoparticles into the devices is known to induce 

emission quenching via a Förster-type energy transfer between the emitter and the metal 

nanoparticles.20-22  

Surface plasmons are waves associated with strongly enhanced electromagnetic fields occurring 

on the surface owing to their interaction with the free electrons of certain metals.23 Metallic 

nanoparticles can be used as sub-wavelength antennas, in which the plasmonic near-field is 

coupled to the dielectric layer that stores the incident energy in a localized surface plasmon mode.24 

Enhanced fields are utilized for plasmon-enhanced absorption in the active layer of OSCs and 

result in a higher photocurrent.25-28 For OLEDs, an improvement in the overall performance is 

obtained due to the enhanced photoluminescence (PL) and acceleration of the radiative process 

from SPR wavelengths near metal nanoparticles. 21,29-31 

The purpose of experiment of this chapter is to demonstrate the surface plasmon effect on OSCs 

and OLEDs containing interfacial metal nanoparticles such as copper, gold, and copper-gold alloy 
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between indium tin oxide (ITO) and poly(3,4-ethylenedioxylenethiophene):polystyrene sulfonic 

acid (PEDOT:PSS). A polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) copolymer template 

was used to make arrays of metal nanoparticles. We found that bimetallic nanostructures as well as 

pure metal nanoparticles induce the SPR effect in the optoelectronic devices. Increased light 

absorption of the polymer thin layer with the incorporation of metallic nanostructures was 

demonstrated, resulting in higher efficiency compared to conventional optoelectronic devices. 

Notably, the spectrum range of the enhanced light absorption corresponds to the individual SPR 

region of the metal nanoparticles. The significant SPR effect in the optoelectronic devices, which 

shows enhancement of more than 20%, is discussed in detail. 

 

4.1.1 Surface Plasmon Resonance  

Surface plasmon resonance (SPR) on metal nanoparticles is a strong enhancement of the local 

electromagnetic field compared to the exciting electromagnetic field. A metal nanoparticle can be 

as a resonator for surface plasmons, if excited resonantly the oscillation amplitude can overcome 

the excitation amplitude by orders of magnitude.  

An external electromagnetic field can penetrate into the volume of the metal nanoparticle and 

shift the free conduction electrons with respect to the particles’ metal ion lattice. The resulting 

surface charges of opposite sign on the opposite surface elements of the particles produce a 

restoring local field within the particle.  

Two primary schemes are commonly explained for SPR. Surface plasmon polaritons (SPPs) 

propagating along the metal dielectric interface are triggered by incorporating metallic 

nanostructures. The other one is localized surface plasmon resonance (LSPR) by metallic 

nanoparticles such as Cu, Ag, Au.32 The LSPR is achieved when the frequency of the incident light 

matches its resonance peak, resulting in unique optical properties which are selective light 

extinction as well as local enhancement of electromagnetic field near the metallic particles surface. 

(Figure 4.1) The resonance peak depends on the size, shape, and the dielectric environment of the 

metal nanoparticles.  
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Figure 4.1. Simple schematic of localized surface plasmon resonance.  

 

 

 

 

 

4.2 Experiment 

4.2.1 Devices Preparation 

The poly(3-hexyltihophene):[6,6]-phenyl-C61 butyric acid methyl ester (P3HT:PCBM) bulk 

heterojunction system was studied for OSCs with the configuration indium thin oxide (ITO)/metal 

nanoparticles/poly(3,4-ethylenedioxylenethiophene):polystyrene sulfonic acid 

(PEDOT:PSS)/P3HT:PCBM/Al. Poly(2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene vinylene) 

(MEH-PPV) was used for emission material of OLEDs inserting barium between MEH-PPV and 

Al electrode with same configuration of OSCs. Before the fabrication of the devices, the ITO-

coated glass substrate was cleaned by ultrasonic treatment using detergent, deionized water, 

acetone, and isopropyl alcohol in sequence and dried in an oven for 24 h. The metal nanoparticles 

are embedded on the ITO substrate using by polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) 

block copolymer. On top of metal nanoparticles layer, the PEDOT:PSS was spin cast at 5000rpm 

for 40s, and then dried at 140˚C for 10min in air. For OSCs, an active layer composed of 2wt% 

P3HT:PCBM blend (1:1) in 1,2-dichlorobenzene was spin cast at 700rpm in a N2-filled glovebox 

and the electrodes (Al) was deposited on the active layer in vacuum (<10-7 Torr) thermal evaporator. 

For OLEDs, an emission layer of 0.6wt% MEH-PPV in p-xylene was spin coated at 1500rpm and 

the electrodes (Ba/Al) was evaporated on the emissive layer at same condition with OSCs. 
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4.2.2 Synthesis of Metal nanoparticles 

To synthesize the metal nanoparticles, polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) 

block copolymer (Mn
PS = 133 kg/mol, Mn

P2VP = 132 kg/mol, Mw/Mn = 1.05) was purchased from 

Polymer Source and used it without further purification. The copolymer was dissolved in toluene to 

make 0.4 wt% polymer solution, a selective solvent for PS blocks, to create spherical micelles 

composed of a P2VP core and a PS corona at room temperature, and then hydrogen 

tetrachloroaurate (HAuCl4) and copper chloride (CuCl2) was added to the solution with molar ratio 

of 0.8 (metal to pyridyl unit), keeping stirring over 12 hrs at room temperature. Subsequently, the 

metal-containing polymer solution was spin-coated at 4000 rpm for 40 sec onto the cleaned ITO 

substrate and followed by H2 plasma etching at 50 W for 20 min.  

 

4.2.3 Device Characteristics  

For characteristics of device, UV-vis absorption spectrum, PL measurement, atomic force 

microscopy, J-V characteristics and EQE were measured.  

UV-Vis absorption spectra were measured on a Varian Cary 5000 spectrophotometer and PL 

measurements were carried out using a He-Cd laser operating at a wavelength of 325nm. Surface 

patterns of block copolymer and nanoparticles were imaged using atomic force microscopy 

(Nanoscope V, Veeco) in tapping mode. The Current density-voltage (J-V) characteristics of OSCs 

were measured using a Keithley 2635A Source Measure Unit. Solar cell performance utilized an 

Air Mass 1.5 G (AM 1.5 G) solar simulator with an irradiation intensity of 100 mW cm-2. External 

quantum efficiency (EQE) measurements were obtained by using the PV measurements OE system 

applied monochromatic light from a xenon lamp under ambient conditions. The monochromatic 

light intensity was calibrated with a Si photodiode and chopped at 100Hz. Masks (13.5mm2) made 

of thin metal were attached to each cell before measurement for J-V characteristics and EQE. The 

electrical properties of the OLEDs were measured using a Keithley 2400 source measurement unit 

equipped with Minolta CS2000 under ambient conditions. 

 

4.3 Results and Discussion 

4.3.1 Atomic Force Microscopy 

The height mode force microscopic (AFM) images are shown in Figure 4.2. In Figure 4.2a, b 

PS-b-P2VP micellar thin films containing with Au precursors that molar ratio of Au to the pyridyl 

unit is 0.8 and Au nanoparticles prepared by a plasma treatment after removing block copolymer 

templates. The as-spun film of block copolymer incorporated with metal nanoparticle precursors 

shows a short range order and an average separation distance of 100 nm. When these films were 
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exposed to hydrogen (H2) plasma for 20 min, metal salts were converted to pure metal 

nanoparticles with an average diameter of 20 nm without changing the separation distance, while 

all polymers were completely degraded under the same condition. In addition, Cu nanoparticles 

and Au-Cu alloy arrays with similar dimensions were prepared in the same manner, as shown in 

Figure 4.2c and Figure 4.2d. 

 

 

 

 

 

 

 

Figure 4.2. Height mode AFM images of (a) gold-containing PS-b-P2VP copolymer thin films (b) 

gold (Au) nanoparticle (c) copper (Cu) nanoparticle and (d) Au-Cu alloy arrays.  
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4.3.2 UV-Vis Spectroscopy and Simulated Spectrum 

To confirm of the SPR characteristics of the nanoparticles, the UV-Vis absorption spectra of the 

nanoparticles were investigated in a thin film deposited onto ITO glass, as depicted in Figure 4.3. 

These three metal nanoparticles, pure copper (Cu), gold (Au), and Cu-Au alloy, show a broad 

absorption peak around 600 nm, 540 nm, and 580 nm, respectively, arising from the SPR of each 

nanoparticle. In the case of Cu-Au alloy, the absorption peak is shifted along with broad 

absorbance maxima in the range of 550-600nm, the intermediate position between Au and Cu. This 

indicates that the nanoparticles are a bimetallic form of Au and Cu.33 Given that same amount of 

Au and Cu precursors were loaded onto the P2VP core in the copolymer templates and were 

subsequently reduced by H2 plasma, both the Cu and Au nanoparticles are uniformly mixed within 

the same nanoparticles with an average diameter of 20 nm. 
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Figure 4.3. Normalized UV-Vis absorption spectra of pure Cu, Au and Cu-Au alloy metal 

nanoparticles. 
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To elucidate the UV-Vis absorption spectra of the nano particles, a three dimensional finite-

difference time-domain (FDTD) method was used to theoretically model the optical response of 

the nanoparticle array. Figure 4.4 shows simulated extinction spectra of the hexagnoal Au ,Cu, and 

Au-Cu nanoparticle array with the diameter of 25 nm and the height of 20 nm. The calculated 

spectra widths are smaller than the experimental ones, which indicates the size ditribution in the 

nanoparticles. However, it clearly shows that the experiment and calculation agree well in terms of 

the shape and location of the localized surface plasmon resonance (LSPR) at about 567 nm, 582 

nm and 572 nm for the Au, Cu, and Au-Cu nanoparticle array, respectively. Also, the near-field 

intensity distribution shown in the inset of Figure 4.4 reveals the electromagnetic field 

enhancement around the Au nanoparticle due to the LSPR. 

 

 

Figure 4.4. Simulated normalized extinction spectrum for the Au, Cu and Cu-Au nanoparticle 

array. The inset shows normalized field distirbution |E| of Au nanoparticle for illumination at 

resonance (l=567 nm). 
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4.3.3 Photoluminescence  

To investigate the SPR effect on the PL emission of metallic structure, the PL spectra of MEH-

PPV layer with and without each metal nanoparticles were measured, as shown in Figure 4.5. 

Polymer layer embedded with metal nanoparticles shows relatively stronger PL intensity compared 

to the film without a metallic particle. This PL intensity enhancement is due to the SPR effect on 

the emission layer through the metal nanoparticles, which can lead to increased absorption of the 

incident light by concentrating the a local electromagnetic hot spot. The fluorescence process is 

dependent on the light excitation rate and the quantum yield, which is dependent on competition 

between the radiative and nonradiative decaying mechanisms.34 Because the resonance frequency 

of the metal nanoparticles was close to the absorption band of MEH-PPV, we attribute the 

enhanced PL intensity to the fact that excitation of the SPR increased the degree of light absorption 

and, thereby, enhanced the light excitation rate. 

 Enhanced PL was observed with a well-matched spectral overlap between the SPR wavelength 

of the nanoparticles and the excitation peak of the MEH-PPV. This fact can be evident that these 

metal nanoparticles are suitable for OLEDs using MEH-PPV, as their optical absorption peak is 

located in a broad region from 500 to 650nm, which suitably overlaps the emissive layer at 580nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Normalized PL spectra of MEH-PPV layer with and without metal 

nanoparticles.  
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4.3.4 J-V Characteristics for OSCs and OLEDs 

4.3.4.1 OSCs Characteristics 

Under simulated AM 1.5 G illumination, the J-V characteristics of the devices are 

shown in Figure 4.6, with their performance summarized in Table 1.The devices modified 

with metal nanoparticles had a positive effect on the PSC performance, including a significant 

improvement of JSC, while other parameters such as the VOC and the FF were similar to those of the 

reference device. Similar VOC and FF both with and without metal nanoparticles are not crucial 

factors in the cell performance due to the SPR effect. The JSC with the pure Cu, Au, and Cu-Au 

alloy device were 9.60, 8.50, and 9.37 mA cm-2 with ~20%, 5%, and 16% enhancement, 

respectively, compared to the reference device (8.08 mA cm-2). This indicates that the improvement 

in the JSC can be attributed to the SPR effect of the metal nanoparticles. To ascertain the specific 

reason for this increased JSC, the EQE was determined in each device. It is clear that the substantial 

enhancement of the JSC with metal particles as reflected by the higher EQE values follow the same 

J-V characteristics. The calculated JSC values from EQE of the devices with Cu, Au, and Cu-Au 

alloy were 9.23, 8.69, and 9.29, respectively, as compared to the reference value (8.18 mA cm-2). 

Each device with Cu and Au nanoparticles formed on top of the ITO was observed a ~13% and 

~6% EQE enhancement around a spectral range from 450 nm to 650 nm with Cu and from 400 nm 

to 600 nm with Au, respectively. Furthermore, a bimetallic device can cover a wavelength of 400 

nm to 650 nm with a ~14% increase in the total EQE, including a plasmon resonance peak at 580 

nm. As the EQE depends on the amount of absorption, it is clear that the observed enhancement of 

the JSC leading to enhanced optical absorption can be attributed to the surface plasmon excitation 

of the metal nanoparticles.  

 

 

 

 

 

  JSC (mA cm-2) VOC (V) FF (%) η (%) Calculated JSC (mA cm-2) 

Reference  8.08 0.60 0.60 2.90 8.18 

Cu MNPs 9.60 0.58 0.58 3.22 9.23 

Au MNPs 8.50 0.58 0.60 2.98 8.69 

Cu-Au MNPs 9.37 0.58 0.61 3.35 9.29 

 

Table 1. Summary of typical OSCs parameters with and without metallic layer. 
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Figure 4.6. OSCs characteristics of (a) J-V characteristics and (b) EQE spectra of metal 

nanoparticle devices. 
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4.3.4.2 OLEDs Characteristics 

The device performances of metal-embedded PLEDs are presented in Figure 4.7, and 

the detailed characteristics are summarized in Table 2. The devices modified with metal 

nanoparticles show higher performance compared to the reference device without metal 

nanoparticles (16932 mA cm-2 at 5.6V). The maximum luminance of the pure Cu, pure Au, and the 

Cu-Au alloy device were 22636 (at 6.4V), 22268 (at 6.2V), and 20973 mA cm-2 (at 6.4V), 

respectively, and the luminous efficiency corresponds to approximately 12~24% of the enhanced 

results, while the turn-on voltages of all devices were identical at 2.2V. Therefore, the improved 

performance observed in the devices prepared with metal nanoparticles can be explained in terms 

of surface plasmon-assisted radiative recombination acceleration caused by the metal nanoparticles. 

This enhancement is attributed to the maintenance of proper separation between the metal structure 

supporting the plasmons and the light-emitting molecule by the dielectric material layer, which 

suppresses the energy transfer process resulting in destroying the excited states. As a result, 

spectral overlapping of the emitter band and the SPR band of the metal nanoparticles led to an 

increase in the radiative decay rate and affected the performance of the device.  

 

 

 

 

 

 

 

Device configuration 
Maximum luminance 

(cd/m2) (at voltage) 

Maximum  

luminous efficiency  

(cd/A) (at voltage) 

Turn on 

voltage  

(V) 

ITO/PEDOT:PSS/MEH-PPV/Ba/Al 16932 (5.6V)  1.40 (4.2V) 2.2  

ITO/Cu/PEDOT:PSS/MEH-PPV/Ba/Al 22636 (6.4V)  1.74 (5.8V) 2.2  

ITO/Au/PEDOT:PSS/MEH-PPV/Ba/Al 22268 (6.2V)  1.61 (5.4V) 2.2  

ITO/Alloy/PEDOT:PSS/MEH-PPV/Ba/Al 20973 (6.4V)  1.57 (5.4V) 2.2  

 

Table 2. Summary of typical OLEDs parameters with and without metallic layer. 
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Figure 4.7. OLEDs characteristics of (a) current density vs. applied voltage (J-V), luminance vs. 

applied voltage (L-V) and (b) luminous efficiency vs. current density (LE-J) curves with and 

without metal nanoparticles. 
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4.4 Conclusions 

In this chapter, enhanced performance of metal-embedded optoelectronic devices was 

demonstrated due to the SPR effect of metal nanoparticles. To incorporate the metallic structure on 

the device, a simple solution processable casting method is used by a block copolymer template.  

Attributed to the SPR effect, for the OSCs, , enhancement of the JSC value for Cu, Au, and Cu-

Au alloy devices was approximately ~20%, 5%, and 16%, respectively, compared to a reference 

device. With the same trend, the EQE was also observed increased value at each SPR wavelength 

of the metal nanoparticles. 

For OLEDs, an enhanced luminescence and efficiency through the embedded metal 

nanoparticles were observed attributed to suppresse the energy transfer process by SPR. Due to this 

effect, increased efficiency was obtained in optoelectronic devices. The results of the experiment 

on these plasmonic nanocomposite systems confirm that SPR is promising for use in the 

development of high-performance organic optoelectronic devices. 
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CHAPTER 5 

A FIRST APPROACH TO WHITE ORGANIC 

ELECTROLUMINESCENCE DEVICE FROM A SINGLE ROD-COIL 

POLY[THIOPHENE-BLOCK-(N-VINYLCARBAZOLE)]  

DIBLOCK COPOLYMER 

 

5.1 Introduction 

OLEDs that emit white light are of interest and potential importance for use in active matrix 

display and for solid state lighting.1 In such applications, the fabrication of large-area devices and 

the use of low-cost manufacturing technology will be the major issues.2 Several approaches have 

been used to generate white light from OLEDs.3-5 

Simply, it can be divided into two schemes to generate WOLEDs. One scheme to emit white 

light from small phosphorescent molecules in multilayer structured devices.6-8 In this configuration, 

the lumiphores in each layer of the device can either be excited directly by electron hole 

recombination in their respective layer or they can be excited by an energy transfer process from 

neighboring layers. In order to obtain balanced excitation by direct recombination, thin hole and 

electron blocking layer are usually inserted in between the emissive layers.9 However, one of the 

drawbacks of this scheme is that the emission spectrum usually changes according to the applied 

bias to the device is increased because the resulting increase in the internal electric field has a 

different effect on the kinetics of electrons and holes. 

Another approach to white emission is to use doped or blended polymeric systems with different 

fluorescent or phosphorescent materials.10-12 Doping the matrix material with one or several 

lumiphores risks that the blend phase-separates over time which will result in film inhomogeneities, 

shifts in the color of the emitted light, and a local increase in current density.13,14 Due to their 

generally lower miscibility, polymeric materials are particular prone to this effect. One way to 

overcome any phase separation is to develop a single-component covalently link all components of 

the white-emitting blend. For example, this can be achieved by copolymerizing the components 

into a single white-emitting copolymer. 

Block copolymers allow self-assembling control over the spatial location of their functional 

component blocks as well as various objects,15-19 resulting in the unique potential to allure for 

organic electronic applications. Recently, It was not only reported the synthesis of a rod-coil block 

copolymer containing electron and hole transporting blocks but also showed the improved OLED 
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performance due to the controlled solid-state morphology.20 Moreover, Fre´chet and coworkers 

have also demonstrated the use of diblock copolymers as active materials for WOLEDs in which 

the incorporation of heavy Ir(III) metal complexes within the polymer backbone must be 

accompanied to generate a white emission.21  

In this chapter, the synthesis of a rod-coil diblock copolymer incorporating a low bandgap 

polymeric block (regioregular poly(3-hexylthiophene) (P3HT) and a wide bandgap chromophore 

[poly(N-vinylcarbazole) (PVK) tethered to a coil-like backbone (P3HT-b-PVK)] through living 

polymerization strategy is demonstrated. We report here an unprecedented example of nearly 

‘‘pure’’ white emission with CIE coordination of (0.34, 0.33) fabricated from the single metal free-

based diblock copolymer.  

 

5.2 Experiment 

5.2.1 Synthesis of P3HT-b-PVK 

Trithiocarbonate terminated P3HT as a macro-RAFT agent (0.10 g, ~12mmol estimated by 

GPC) and AIBN (0.75 mg, 4.5μmol) as an initiator, and anhydrous toluene (2.5 mL) were mixed in 

a Schlenk flask which was purged with argon for 15 min. To this solution, a mixture of N-

vinylcarbazole (1.2 g, 6.21 mmol) and anhydrous toluene (3 mL) was added and degassed by 

freeze–pump–thaw cycles (3x), flushed with dry argon. The mixture was immersed in oil bath at 

70 8C for 24 h. The polymer solution was transferred centrifuge tube, precipitated with MeOH 

(200 mL), centrifuged, and decanted. The crude product was treated with MeOH twice in the same 

manner. The resulting solid was filtered off and subjected to sequential Soxhlet extraction with 

MeOH (1 d) and acetone (1 d) to remove the trace amount of uncreative P3HT and N-

vinylcarbazole monomer. After redissolving in THF, the polymer was again precipitated into 

MeOH, centrifuged, decanted, washed with MeOH, and dried in vacuo to give a reddish solid 

polymer. 1H NMR (CDCl3, 600 MHz) :  δ (ppm) = 7.97–7.77 (br, m), 7.21–6.77 (br, m), 6.67–6.1 

(br, m), 5.1–4.7 (br, m), 2.87–2.65 (br, m), 1.81–1.63 (br, m), 1.55–1.17 (br, m), 0.97–0.81(br, m). 

GPC analysis Mn = 13800 g mol-1, Mw = 21400 kg mol-1, and PDI = 1.55 (against PS standard).  

 

5.2.2 Device Fabrication  

The single-layer block copolymer light emitting diode with the configuration indium tin oxide 

(ITO)/poly(3,4-ethylenedioxylenethiophene):polystyene sulfonic acid 

(PEDOT:PSS)/poly[thiophene-block-(N-vinylcarbazole)] diblock copolymer (P3HT-b-

PVK)/Ba/Al was fabricated. Before the fabrication of the devices, the ITO-coated glass substrate 

was cleaned by ultrasonic treatment using detergent, deionized water, acetone, and isopropyl 
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alcohol in an ultrasonic bath. The substrates were subsequently dried in an oven at ~100ºC for 12h 

before treatment with UV-ozone. The PEDOT:PSS was spin-cast at 4000rpm for 40s, after 

treatment with UV-ozone for 15min, and followed by drying on a hotplate at 140ºC for 10min in 

air. On top of PEDOT:PSS layer, P3HT-b-PVK block copolymer of 1wt% in chlorobenzene was 

spin coated at 700rpm in a N2-filled glovebox. Top electrodes (Ba/Al) were deposited on the 

emissive block copolymer single layer in a vacuum (<10-7 Torr) thermal evaporator. 

 

5.2.3 Device Characteristics 

All solvents were purified and freshly distilled prior to use. The trithiocarbonate terminated 

P3HT (macro-RAFT agent) was prepared in literature procedures.22 1H NMR spectra were 

recorded on a Varian FT-NMR 600MHz spectrometer and referenced to the solvent peak. UV–Vis 

absorption spectra were measured in chlorobenzene solution on a Varian Cary 5000 

spectrophotometer. The current density (J), voltage (V), luminance (L), electroluminescence (EL) 

spectrum and Commission Internationale de 1’Eclairage (CIE) coordinates were measured using a 

Keithley 2365A source measurement unit equipped with Minolta CS2000 under ambient 

conditions. Emission and excitation photoluminescence (PL) spectra were obtained by Edinburgh 

spectrometer in solution in quartz cuvette under ambient condition. 

 

5.3 Results and Discussion 

5.3.1 Analysis of 1H NMR 

A narrow polydispersity trithiocarbonate macro-RAFT agent based on P3HT 

(H/trithiocarbonate) (Mn = 8.3 kg mol-1, PDI = 1.11, against PS standard) was prepared via the 

slightly synthetic modification of the method previously developed by McCullough and 

coworkers.23 Rod-coil poly(thiophene-block-(N-vinylcarbazole)) diblock copolymer (P3HT-b-

PVK) with N-vinylcarbazole was synthesized via RAFT polymerization. (Figure 5.1) A major 

shift in the GPC trace was observed toward higher molecular weight with a monomodal molecular 

weight distribution, indicating well controlled block copolymer formation.  

 

Figure 5.1. Synthesis of P3HT-b-PVK (Reagent and conditions: AIBN, toluene, 70 8C, 24 h). 
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After purification, the GPC analysis of P3HT-b- PVK exhibits Mn = 13.8 kg mol-1 with PDI = 

1.55 (THF, PS standard). An inspection of the 1H NMR spectrum of P3HT-b-PVK shows typically 

characteristic chemical shifts from P3HT blocks (H-a for the thiophene CH, H-b for the methylene 

of the n-hexyl group nearest the thiophene and H-c toH-g related to residual alkyl chains) as well 

as PVK blocks (seen as broad complex configuration signals from 8.2 to 4.3 ppm). (Figure 5.2) 

Note that the asymmetrical PVK resonances (o-h) are displayed in the 1H NMR despite the fact the 

carbazole moiety belongs to the C2v symmetry group.24,25 This nonequivalence in PVK has been 

previously reported, which is attributed to restricted rotation of the bulky carbazole combined with 

ring current effects of neighboring rings. The structural composition (P3HT/ PVK = 44.6:55.4 mol-

%) for P3HT-b-PVK is estimated by integrating the aromatic carbazole protons (H-k and H-l) 

against the methylene protons of the thiophene (H-a) in the 1H NMR. 

 

 

 

 

 

 

 

 

 

Figure 5.2. 1H NMR spectrum of P3HT-b-PVK recorded at room temperature in CDCl3. 
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5.3.2 UV-Vis spectroscopy 

To understand properties of this new polymer, the UV-Vis spectroscopy was investigated in 

chlorobenzene solution and in thin films. The film was prepared on quartz uniformly by spin 

coaing method from their respective chlorobenzene solutions at room temperature. There are two 

dominant absorption bands with 344 and 452nm. For the lower energy peak at 452nm, this feature 

is arising due to π-π* transition from P3HT block, while the band at 344nm with a vibronic 

phenomenon is clearly assigned to the PVK segment. The observation of optical characteristics of 

the individual building blocks in electronic absorption of P3HT-b-PVK is an indication of the 

absence of any ground state interaction between the thiophene and the carbazole chromophores, 

leading to the display of their individual absorption features. The optical absorption of a physical 

blend of P3HT and PVK at 45:55w/w% of which composition is similar to that of the block 

copolymer is shown in Figure 5.3, indicating that the absorption spectrum of the diblock is 

superposition of those of the homopolymers. Upon examining P3HT-b-PVK in the solid state, the 

copolymer film shows a less resolved broad peak centered at 537nmwhich is characteristic of the 

P3HT blocks, while the vibrationally resolved high-energy band in the 330–347 region attributed 

to the PVK segments reveals almost indistinguishable absorption spectra in the solution and in the 

films. 

It is interesting to point out, that for the characteristic band of P3HT in the copolymer P3HT-b-

PVK is only broadening and bathochromically shifted when moving from the solution to solid state. 

This suggests the notion that a form of packing crystallographic rearrangement of the PVK blocks 

in the copolymer can be excluded in the solid state. One can be expected that such a different 

conformation between rigid rod-like P3HT and flexible coil-like PVK blocks in the copolymer film 

is capable of a nanophase separation behavior. 
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Figure 5.3. UV–Vis absorption spectra of P3HT-b-PVK and a physical mixture of identical 

P3HT/PVK (45:55 w/w%) in chlorobenzene solution and in thin film. 

 

5.3.3 Photoluminescence 

The PL spectra of P3HT-b-PVK both in solution and thin film not only show a large blue 

emission peak of 410nm maximum wavelength due to PVK units but also a broad reddish emission 

band centered at 580nm without the well resolved vibrational energy bands reveals, when excited 

at 330nm. (Figure 5.4) The PL feature of P3HT-b-PVK in the film is nearly identical to that in 

solution, but a similar interesting observation can be seen regarding the broadening of the P3HT 

bands resulting from P3HT chromophore solid-state packing, which is good consistent with UV–

Vis data described above. It has been confirmed that there is different morphology within each 

individual component on the copolymer when going from solution to the solid state. Besides, the 

absence of any significant quenching of emission from the higher energy PVK blocks indicates that 

there is no efficient intrachain and interchain energy migration from PVK to P3HT, as a result of 

the emitting isolation of two chromophores, resulting in individual emissions from each segment. 

The Förster energy transfer typically occurs at distances below 10nm between two chromophores. 

Thereby, the individual emissions from P3HT-b-PVK that consists of P3HT and PVK blocks 

connected via saturated spacer of 2nm, currently lacks a logical explanation. It is probably 

attributed either to the site isolation of chromophores within appropriately sized polymer 

domains,21,26 non-radiative energy transfer in the blocks,27,28 or both.  
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Figure 5.4. Photoluminescence spectra of P3HT-b-PVK (λexc = 330 nm) in chlorobenzene solution 

and in thin film. 
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5.3.4 Atomic Force Microscopy 

Figure 5.5 shows the topography and phase images of the P3HT-b-PVK film cast from 

chlorobenzene. For AFM analysis, the unexpected optical behavior of P3HT-b-PVK can be 

understood the by their unusual surface morphology. Typical features are clearly visualized by 

AFM as well defined micron-sized nano fiberlike structures with up to a length of 120nm and an 

average diameter of ca. 7nm, confirming the microphase-separated diblocks. Note that the slow 

evaporation after spin-casting procedure was necessary to allow the P3HT-b-PVKto form a fibrillar 

morphology. 

 

 

 

 

 

Figure 5.5. (a) Atomic force microscopy (AFM) topographic image and (b) the corresponding 

phase image of P3HT-b-PVK film. 

 

 

 

5.3.5 Electroluminescence 

It is of considerable interest to explore the differences in the properties of electroluminescent 

device characteristics between the block copolymer and the P3HT/PVK physical blend at 45:55 

w/w% since it enables us to access the influence of the limited energy transfer in the block 

copolymer in comparison with the blending system on OLEDs. The PVK/P3HT blended OLED 

displays one dominant emission band at 650nm with a shoulder at 710nm originated from P3HT 

segments. The nearly complete quenching of emission from the higher energy PVK blocks points 

out that the lower energy P3HT block acts as a quantum well which traps excitons and acts as 
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radiative recombination units. In contrast to the blended homopolymeric system, the EL spectrum 

of P3HT-b-PVK consists of two distinct peaks at 410 and 575 nm, which is similar to that of the 

PL in the film. The presence of the 410nm band due to PVK block emission is clearly suggestive 

that the energy transfer is almost ruled out in the P3HT-b-PVK. A rationale for this phenomenon is 

that the phase separated domains through controlling the nanoscale of the block copolymer is 

critical to suppress energy transfer from high to low energy by isolating the trithiocarbonate units 

as inert spacer between the blocks. This notion is indeed good consistent with Eland AFM data 

described above. Notably, in contrast, for the rod-coil block copolymer, energy migration is much 

less efficient, also resulting in blue-shifted emission relative to the pure conjugated P3HT.29 

(Figure 5.6) It can be assumed, despite the fact that the creation of the micro separated diblocks is 

observed in the AFM phase image, and the relatively constrained P3HT segments in the block 

copolymer reduce the ordered structure of P3HT packing when compared to that of P3HT in 

blended system. 

 

 

 

 

 

 

Figure 5.6. (a) Electroluminescence (EL) spectra for the block copolymer (–o–) and a mixture with 

P3HT/PVK ratio of 45:55 w/w% (–*–), respectively. (b) CIE chromaticity diagram showing the 

ordinates of standard white light (point 1) and white-light emitting film of P3HT-b-PVK (point 2). 

Inset is a photograph of device operated under 10 V. 
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5.3.6 Characteristics of WOLEDs 

By virtue of this minimized energy transfer, the P3HT-b-PVK is capable of producing a white 

emission through a combination of two different chromophores emitting blue and orange/red. 

Under a driving voltage of 10 V, a pure white emission is achieved with maximum luminance of 

130 cd m-2 as shown in Figure 5.8. The emission color of the device fabricated from P3HT-b-PVK 

is located very close to equi-energy point in the CIE chromaticity diagram and shows only a slight 

dependence on voltage change: the CIE coordinates varied from (0.34, 0.33) to (0.35, 0.34) over a 

voltage range of 8–10 V. (Figure 5.7) 

 

 

 

 

 

Figure 5.7. EL spectra of P3HT-b-PVK film under various voltages. 
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(a) 

 

 

(b) 

 

 

Figure 5.8. (a) Current density and luminance plotted against applied electric field (J-V-L), and (b) 

Current efficiency plotted against current density for the device P3HT-b-PVK. 
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5.4 Conclusions 

In this chapter, a rod-coil block copolymer comprising P3HT as low bandgap segments and 

PVK as wide bandgap blocks (P3HT-b-PVK) has been synthesized by synthetic strategy of RAFT 

polymerization. The film morphology of the P3HT-b-PVK explored by AFM study elucidates a 

phase separated nanofibrilar structure, leading to dual emissions produced by each individual 

chromophore P3HT and PVK. As a result of combination of blue and orange/red emission from the 

isolated bichromophoric blocks, the EL device of the resulting block copolymer is capable of 

generating direct white light with the CIE coordinates of (0.34, 0.33). While the performance of the 

block copolymer may appears to be relatively low, it must be emphasized that this is the first white 

emission with a single block copolymer that does not engaged with metal complexes, opening up 

new strategies for the development of WOLEDs. 
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