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Abstract 

Optical Analysis of Organic 
Light-Emitting Diodes and 

Photovoltaic Cells 
 

Sei-Yong Kim 

Department of Material Science and Engineering 

The Graduate School 

Seoul National University 
 

 

In this thesis, the characteristics of organic light-emitting diode (OLEDs) 

and organic photovoltaic cells (OPVs) are demonstrated by using well-known 

theoretical method such as the dipole model and transfer matrix method. 

Various optical characteristics such as the outcoupling efficiency, emission 

spectrum, location of emission zone and angle dependent emission pattern for 

OLEDs, and the short circuit current density, and the external quantum 

efficiency for OPVs are simulated for the devices with a planar multilayered 

structure. This thesis is composed of two parts: first part describes the 

theoretical analysis of OLEDs (chapter 1 ~ chapter 7), and second part 

illustrates the analysis of small molecule based OPVs (chapter 8), respectively. 

Chapter 1 and 2 introduce the operating principles of OLEDs and the 

method for the optical simulation of OLEDs. The theoretical method is based 

on the dipole model that was introduced by Chance, Prock, and Silbey (so 

called “CPS model”) in 1987, where a molecular excited state is treated as an 

oscillating dipole. We describe the governing equations and the procedure of 
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the optical simulation. 

Chapter 3 describes the theoretical analysis of the outcoupling efficiency 

(OCE) and external quantum efficiency (EQE) of OLEDs. The first section 

illustrates the analysis of the outcoupling efficiency for blue and green 

phosphorescent bottom emission OLEDs. The analyses take into account 

many factors such as thickness of organic layer, position of emission zone and 

the thickness of the ITO layer. Maximum outcoupling efficiencies over 27% 

and 30% are achievable if thin ITO layers in the range of 50–70 nm and 50–

100 nm are used for blue and green phosphorescent OLEDs, respectively. This 

result clearly indicated that the phosphorescent OLEDs can have much higher 

external quantum efficiency than 20%.  

ITO, the most commonly used transparent conducting electrode, is difficult 

to use as an electrode for large area flexible displays because ITO is brittle 

and easily generates cracks under bending stress. Recently, graphene has 

received great attention to replace ITO due to the fact that graphene is a 

material possessing high conductivity, high charge mobility and high 

transmittance (_97.7% per monolayer) in the entire visible range. Chapter 4 

shows the outcoupling efficiency of OLEDs incorporating graphene as anode. 

The OCEs of the OLEDs with 3 and 4 monolayers of graphene are 

comparable to the one of ITO based device with the 150 nm-thick ITO, where 

both electrodes have a similar sheet resistance of about 24 /  . However, 

the OCEs of graphene based OLEDs are lower than the ITO based devices 

with the same sheet resistance in most cases. This limitation can be overcome 

by utilizing the graphene/IZO composite electrode, which can achieve high 

outcoupling efficiency, low sheet resistance and high transmittance at the 

same time.  

An emitter with a horizontal transition dipole moment results in much 

higher outcoupling efficiency than the vertically aligned dipole as 
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demonstrated in polymers and vacuum evaporated organic molecules. Chapter 

5 demonstrates the optical analysis of high efficiency phosphorescent organic 

light emitting diodes (OLEDs) doped with Ir(ppy)2(acac) [bis(2-

phenylpyridine)iridium(III)-acetylacetonate]  in an exciplex forming co-host. 

This emitter has a preferred orientation with the horizontal to vertical dipole 

ratio of 0.77:0.23 as compared to 0.67:0.33 in the isotropic case. Theoretical 

analysis based on the orientation factor (, the ratio of the horizontal dipoles 

to total dipoles) and the photoluminescence quantum yield ( PLq ) of the 

emitter predicts that the maximum external quantum efficiency (EQE) of the 

OLEDs with this emitter is about 30% which matches very well with the 

experimental data. Based on the results, we claim that the maximum EQE 

achievable with a certain emitting dye in a host can be predicted by just 

measuring PLq and  in a neat film on glass without fabricating devices and 

offer a universal plot of the maximum EQE as functions of PLq  and . 

Chapter 6 introduces a quantitative method to determine the emission zone 

in OLEDs with a thin emitting layer. The location of the emission zone (EZ) 

significantly influences the performance of organic light emitting diodes 

(OLEDs), such as their emission spectrum, internal and outcoupling 

efficiencies and stability. Therefore, the direct observation or estimation of the 

position of the EZ is of great importance in terms of realizing high efficiency 

and high stability OLEDs. Chapter 6 described the method of determination of 

EZ that two devices with different thicknesses of electron transporting layer 

(ETL), but exhibiting same current density-voltage characteristics were used 

for the purpose. Emission zone in the OLEDs were extracted from the 

comparison of the experimental luminous intensity ratio depending on the 

current density with the calculated intensity ratio as a function of emission 

zone. This simple calculation method can contribute to further understanding 
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of exciton behavior related to the realization of high performance OLEDs and 

greater understanding of the internal efficiency. 

Chapter 7 demonstrates a polarizer free high contrast flexible top emission 

OLED (TOLED) with a little reduction of efficiency by employing a 

multilayered dielectric-metal anti-reflection (AR) structure integrated on the 

top semi-transparent cathode. Through the careful design of the AR structure 

is performed using optical simulation, the flexible AR-TOLED showed a 

sufficiently low luminous reflectance (6%), high efficiency (86% of the 

TOLED without the AR structure, 1.75 times higher than the TOLEDs with 

circular polarizer (CP-TOLED)) and extremely high durability upon repeated 

bending up to 10,000 times for the bending radius of 0.7 cm.  

Chapter 8 shows the optical analysis of the OPVs with graphene as the 

anode in the bilayer and bulk heterojunction (BHJ) OPVs using the optical 

model and compared them with ITO based devices. The graphene based 

OPVs can achieve higher Jsc in the bilayer OPVs and total number of 

absorbed photons in BHJ-OPVs than the ITO based ones due to the lower 

reflective loss of incident light by the graphene electrode, which can increase 

the absorption by the active layers. The thinness and flexibility of the 

graphene electrode clearly demonstrate its potential to replace ITO in OPVs. 

 

Keywords: optical simulation, CPS model, transfer matrix method, organic 

light-emitting diode, organic photovoltaic cells 

Student Number: 2005-30219 
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 1

Chapter 1. Introduction to organic light emitting 

diodes (OLEDs) 

 

1.1 Organic Light Emitting Diodes 

 

The Organic light-emitting diodes (OLEDs) are a light-emitting diode 

(LED) in which the emissive electroluminescent layer is a film of organic 

materials which emits light in response to an electric bias and/or current. 

Actually, first electroluminescence (EL) from organic materials was observed 

in the middle of the twentieth century under the high-voltage AC source.1, 2 In 

1960s, the first observation of the EL from the organic materials under DC 

bias was reported, which they applied organic single crystal and suggested the 

necessary work functions for hole and electron injection contact.3, 4 After that, 

several noteworthy results were reported.5-8 However, the device, so called 

‘diode’, had not been developed until mid of 1980s. 

The first “diode type” device, which is basic form of modern organic 

light-emitting diode, was reported by C.W. Tang and Steven Van Slyke at 

Eastman Kodak in 1987.9 They firstly demonstrated a vapor-deposited and 

double-layered organic structure by separating hole transporting layer (HTL) 

and emitting layer (EML) having the properties of electron transporting for 

efficient device. This work was breakthrough and was later referred to as the 

“first OLEDs paper”. After that, the OLEDs have been developed noteworthy 

during last several decades, and the external quantum efficiency (EQE) is 
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improved more than 30 times compared to the C.W. Tang’s result .10-12 

OLEDs have many advantages than other type of display such as liquid 

crystal display (LCDs), which is the most commonly used in commercial 

fields. The OLEDs can be very thin and light-weight flat panel display. the 

OLEDs display directly emit light, contrary to LCDs which are using 

backlight. Therefore, OLEDs are able to show high contrast (ideally, the 

contrast ratio of OLEDs in dark ambient has infinite.) due to zero luminance 

at turn-off state. Their response time is very short (~ several ㎲), so that 

OLED display is adequate to playing video. In addition, the OLEDs show 

very wide viewing angle. Due to the intrinsic properties of the organic 

material, it allows the various processing techniques such as thermal 

evaporation9, spin coating 13, ink-jet printing 14, screen printing15 and roll-to-

roll printing16. Moreover, the OLEDs can be fabricated on various substrates 

such as glass 9, polymer film 17 and metal foil 18. In case of polymer and metal 

foil substrate, OLEDs can make a bendable and/or flexible. These advantages 

of the OLEDs led to massive research on the OLEDs. As a result, various 

types of OLED display were developed and demonstrated such as flexible, 

rollable, transparent OLED display. In past few years, OLEDs were 

successfully industrialized in handheld display such as smart phone, portable 

media players (PMPs), and mp3 player etc. In addition to this, the solid state 

lighting and television are favorable application in commercial fields. Figure 

1.1 illustrates the examples of application of the OLEDs. These achievements 

using the OLEDs are good examples to show the potential of OLEDs and the 

future prospect in display industry. 
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1.2 Characteristics of OLEDs 

 

1.2.1 Operating principle and basic structure of organic light-

emitting diodes 

 

The basic structure of the typical OLEDs is multilayered planar structure, 

which is composed of substrate, anode (for example, transparent electrode 

such as indium-tin-oxide (ITO) etc.), a functional layer such as carrier 

transporting layer (i.e. electron transporting layer (ETL) and HTL), EML and 

cathode (in general, highly reflective metal is used as cathode). Single or dual 

layered structure sandwiched by electrode is also possible. But appropriate 

multilayered structure has more advantages than single layered device to 

enhance OLEDs performance. The HTL and ETL have appropriate energy 

level to easily inject charge by lowering the barrier for charge injection from 

the electrode and high carrier mobility for efficient charge carrier transport 

from electrode to EML. In some cases, more layers are necessary to block the 

leakage carrier from EML to increase charge carrier recombination. Therefore, 

almost every OLEDs reported recently are composed of three or more 

functional organic layers. Based on this description, schematic diagram of 

basic device structure is illustrated in figure 1.2(a).  

Emission from all OLED devices can be explained by the same principle. 

Through electron-hole recombination, a high-energy molecular state is formed.  
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This state is called an excion as it behaves like a single molecule with high 

energy. This exciton generates light during their lifetime. When it emits light, 

wavelength of emitted light corresponds to energy of exciton. Therefore, if 

energy of exciton can be controlled through adjusting structure of molecules 

used as EML, it is possible to modulate color of emitted light. As in figure 

1.2(b), a voltage is applied across the OLEDs. In the same time, both hole and 

electron injection barrier are created. When the charge carriers have sufficient 

energy to overcome injection barriers, holes injected from the anode to 

highest occupied molecular orbital (HOMO) level of the HTL and the 

electrons injected from cathode to lowest unoccupied molecular orbital 

(LUMO) level of the ETL. Injected charge carriers are transported through an 

OLEDs. The transport mechanism of charge charier is distinct by current 

density regime. In the low-current carrier injection regime, the current is 

determined by the rate at which charge hops over the barrier or penetrates 

through the barrier. In the high-current space-charge limited current (SCLC) 

regime, the current is determined by the intrinsic properties of the layers 

through it flows. Unlike inorganic semiconductors, the transport properties in 

OLEDs are determined by interstice between localized states.19 When the 

electron meets a hole in the EML, both electron and hole recombine, and form 

the exciton. An exciton generates a photon whose wavelength corresponds to 

the energy gap after completion of its exciton lifetime. Therefore, if 

probability of recombination of electron and hole can be increased, more 

photon will be emitted. At this time, electron and holes can be accumulated by 

energy difference between the HOMO and LUMO by means of multiple 

material layers as shown in figure 1.2(b), position of recombination can be 
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controlled. As the charges are accumulated (i.e. confined certain layer such as 

EML), charge recombination probability is increased, and more high 

efficiency can be achieved. Therefore, recently developed OLEDs with high 

efficiency almost use this concept of recombination with material that has 

engineered their molecular structure to get a proper HOMO/LUMO level.20-22  

Although, the EML simply makes a neat film, it is possible to improve 

the efficiency or to change the emission color by adding a small amount of 

emissive material. This technique is called “doping” and the materials used 

for doping are called “dopant” and their counterpart is called “host”.9 The 

host-dopant type EML is especially useful for materials in which emission 

yields decrease at high concentration due to aggregated induced quenching. 

(This phenomenon was simply called “concentration quenching”). Thus, the 

doping of highly efficient dye into the EML (i.e. host) contributes the 

enhancement of efficiency of the OLEDs.19 The host materials should have 

wider energy gap than dopant. The excitation energy of the host molecules 

can be transferred to the dopant molecules through Foster  energy transfer 

or Dexter energy transfer. After that, the dopant molecules emit the light. The 

Foster  energy transfer is energy transfer through the dipole-dipole 

interaction. This energy transfer can occur even when the excitons are 

separated by relatively long distances about 100 A . In the fluorescent OLEDs, 

only 25% of the exciton contributes to the emission because only singlet 

excitons are activated through Foster energy transfer process. The Dexter 

energy transfer is direct quantum mechanical electron transfer firstly 

suggested by Baldo to describe the emission process in the phosphorescent 
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OLEDs.23 This energy transfer process is affected by exciton hoping, in which 

case a shorter inter-exciton distance (~ 10 A ) is necessary to operate this 

mechanism. Figure 1.3 shows schematic diagram of Foster and Dexter energy 

transfer process. In general, single to triplet energy transfer is occurred by 

Foster process and triplet excitons are normally transferred by Dexter process. 

In contrast of fluorescent OLEDs, OLEDs with phosphorescent dopant use 

both single and triplet excitons that contribute to the emission. Thus, 

phosphorescent OLED reaches 100% internal quantum efficiency (IQE) under 

assumption of ideal case. Both of emissions mechanisms for fluorescent and 

phosphorescent dopant were illustrated in Figure. 1.4. 24 

 

1.2.2 Efficiency of OLEDs 

 

To quantify the performance of OLEDs, much of analysis of the 

efficiency has been devoted to the and EQE which determines the ratio of the 

number of emitted photons to the number of injected charge into device 

expressed as follows; 

 

	 	 	

	 	 	 	
  (1) 

 

In general, EQE of OLEDs is composed of two parts: internal quantum 

efficiency (IQE or ) and light outcoupling efficiency ( ). The  

means how many the photons generate inside of OLEDs. The IQE can be 

formulated by a following equation; 
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/     (2) 

 

where,  is balance factor of injected charge carriers. /  is singlet and 

triplet ratio determined by electron spin state. (e.g. 0.25 for fluorescent emitter 

and 1 for phosphorescent emitter), and  is intrinsic quantum yield of emitter 

(in this study,  is the same as  that is the photo-luminescence (PL) 

quantum efficiency of emitter). Unfortunately, all generated light does not 

emitted outside of device. In actual case, a significant portion of generated 

light is reflected, transmitted and absorbed by the materials and substrate in 

OLEDs. Therefore, it is necessary to consider the ratio of total generated light 

to the outcoupled light.  is reflected this concept and expressed as 

following; 

 

	 	 	 	

	 	 	 	
  (3) 

 

Based on Eq. (1) and (2), the EQE of the device can be expressed as follows; 

 

 /   (4) 

 

In traditional concept of  in conventional OLEDs,  is about 

20%.25 Using this terminology, the maximum EQE of fluorescent OLEDs is 

about 5% under assumption of 	 	 1. The EQE of fluorescent 

device limited from fluorescent emission mechanism resulting in the low 
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singlet-triplet ratio ( /  = 0.25). According to the similar calculation, the 

EQE of the phosphorescent device is 20%, which this efficiency is only 

affected by  under assumption of 100% of . Although the maximum 

EQE of OLEDs is simply considered as above, much higher efficiency than 

the estimated efficiency as like above were reported recently.12, 20, 22, 26 The 

fluorescent OLEDs showed up to 10% of EQE that this phenomenon can be 

explained by singlet emission due to the combination of two triplet exciton 

(i.e T-T annihilation, in this case, T + T* → S0) and/or reverse intersystem 

crossing (RISC) from triplet to singlet state 27, 28. The emission obtained with 

this mechanism yields an emission that is slower than normal fluorescent 

emission, so it is sometimes called “delayed fluorescent emission”. Likewise, 

phosphorescent OLEDs also reported that the efficiency is nearly 30%.11, 12 

The high efficiency of both fluorescent and phosphorescent devices may 

originate from advanced materials having adequate energy level and 

sufficiently fast charge carrier mobility to make perfect electrical charge 

balance. But increasing out coupling efficiency, which can overcome the 

traditional value of , must consider to analyze the origin of the ultra-high 

efficiency.   

 

1.3 Outline of Part I  

 

In the part I of thesis, optical analysis of the OLEDs using classical 

electromagnetisms are described. The coverage of this part is from the 

methodology of optical analysis of OLEDs to parametric analysis of the 
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outcoupling efficiency. In addition, we will demonstrate the extraction of the 

emission zone and design and fabrication of the high contrast OLEDs. The 

basic operation principles and the theoretical approaches for the optical 

simulation including historical reviews, governing model equation and 

checking the validation of optical simulation used in this thesis will be 

illustrated in chapter 1 and 2. The optical model used in this study is based on 

the CPS model and this model is simple and powerful theory to analysis of 

multilayered planar structure. 29, 30 In chapter 3, the outcoupling efficiency of 

OLEDs will be illustrated for the various parameters. First section in chapter 3 

is important to dealing with the effect of thickness of ITO that has novelty in 

analysis of outcoupling efficiency in OLEDs. Next section, our scope of 

simulation is extended to the outcoupling efficiency of OLEDs with graphene 

as transparent electrode, which is the most paid attention from the researchers 

in the world.31 The outcoupling efficiencies of OLEDs incorporated graphene 

as anode are illustrated and compared with the efficiency of ITO based device. 

In the following this issue, the effect of orientation to improve the outcoupling 

efficiency are analyzed, which is the main parameters to predict the OLEDs 

with high EQE over 30%. The last two chapters in this part will demonstrate 

the application of optical simulation. Chapter 4 will be showed that the 

analysis of emission zone in OLEDs – estimation of the mean emission zone 

in phosphorescent OLEDs with a thin emitting layer – is described. This is 

novel method which is simple and no-time consuming process. By comparing 

theoretically obtained spectrums and intensities of OLEDs with experimental 

data, the emission zone is extracted in OLED with a thin emitting layer.  

Chapter 5 will be described that the design and fabrication of high contrast 
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flexible OLEDs are demonstrated. These OLEDs have the specially designed 

optical structure to reduce the reflection of ambient light resulting in high 

contrast ratio. In the same time, this optical structure does not degrade the 

efficiency of reference OELDs. 
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Chapter 2. Theoretical analysis of the outcoupling 

efficiency of OLEDs by the dipole model 

 

2.1 Introduction 

 

In present progress, IQE reaches nearly 100% through using 

phosphorescent dye doped emitter resulting in efficient energy transfer by 

Foster and Dexter energy transfer process (i.e. / 1  and very high PL 

quantum yields (i.e. ~1 ,	materials with high carrier mobility, efficient 

charge injection and good carrier blocking proprieties	 i. e.		γ	~	1 . In contrast, 

 is well known as ~ 20 % which was roughly estimated by ray optics.1, 2 

Based on the idea, the EQE is limited by the outcoupling efficiency.  

However, both and  depend on the composition of the OLED 

stack as well as the position of emission zone and the orientation of the 

emitting molecules inside of the OLEDs 3. In theoretical approach, both of 

parameters can be modified. It also has been realized by many authors that the 

radiative decay rates of fluorescent dyes close to a metal electrode or 

embedded in the optical microcavity of an OLED can be significantly 

different as compared to the free-space values4, 5. This means that is also 

altered due to the OLED stack itself. Consequently,  and  has to be 

maximized in optically optimized device. However, estimation of both 

parameters is not easy because both factors are influenced by the OLED 

structure itself. In the following section, the so called ‘dipole model’ is 
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introduced, which allows the determination of the quantum efficiency of the 

emitter material inside the OLED stack, as well as the .  

 

2.2 Review of various approaches of the theoretical 

methodology to simulate the OLEDs. 

 

Before the description of dipole model, previous approaches of the 

methods to estimate an efficiency of the OLEDs are introduced. Since the 

estimation of  by geometrical ray optic method by Greenham et al.1 was 

introduced, various approaches such as dipole model described by classical 

electromagnetism,6-8 finite difference time domain (FDTD),9 combined 

classical and quantum mechanical microcavity (CCQMM) model 10, 11 and 

Monte-Carlo simulation 12, 13 were reported. Because their limitation coming 

from intrinsic properties of model such as complexity of calculation scheme 

and reliability of model becomes problematic, however, dipole model and 

FDTD are still useful the model for the theoretical analysis of OLEDs.  

 

2.2.1 Ray optics 

 

This model is based on the idea that the emitted light escaped from an 

OLED is only correlated with critical angle of interface between organic (or 

glass) and air, which is determined by Snell’s law. The reason is that light is 

generated in the OLEDs with higher refractive index than the glass substrate 

and air. This model neglects the interference effect between reflected and 
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transmitted light by metal cathode and ITO anode. From the model, the 

outcoupling efficiency of device is simply expressed as: 1 

 

/
   (1) 

 

where,  and  are the total flux generated by emitter inside of 

OLEDs and the power flux of leaving device directly, respectively. /  

is refractive index of organic layer or glass substrate. From Eq. (1), the  

of device is proportional to 1/n2. If the refractive index of organic layer is 

assumed to be 1.75, which is similar with Alq3, the  is simply obtained 

as 16.3%. If the refractive index of organic layer is assumed to be 1.6, which 

can be shown in the polymeric material, the  is close to 20%. Although 

this model gives us to qualitative point of view of  in an OLED, the 

model does not reflect the interaction of light occurring inside of OLEDs. 

Especially, ignoring interference effect of light emitted from OLEDs is 

significantly degrade to estimate . As considering interference effect 

inside the OLEDs, the  is much higher than 20%.3, 8, 14-16. 

 

2.2.2 Combined classical and quantum mechanical microcavity 

(CCQMM) model 

 

This model is based on the concept that the transition probability of 

radiative exciton into each optical mode is given by quantum mechanical 

approach described as Fermi’s golden rules.10, 11 It has advantages that 
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transition rate into each mode such as the external (i.e outcoupling into the 

ambient), substrate, and ITO/organic as waveguide mode are computed 

separately. However, CCQMM does not take into account non-radiative 

energy transfer that is due to the near field interaction of the radiative dipoles 

with lossy metal electrode. That is critical disadvantage because loss of 

emitted light by metal electrode such as coupling to Surface Plasmon 

Polaritons (SPPs) and direct absorption is too large to ignore. Therefore,  

of an OLED is over estimated (~ 50%) compared with dipole model. 

 

2.2.3 Finite-different time domain (FDTD) analysis 

 

Finite-difference time domain (FDTD) is a numerical analysis method 

used for modeling electrodynamics finding the approximate solutions to the 

system of differential equations. Since it is a time-domain method, FDTD 

solutions can cover a wide frequency range with a single simulation run, and 

treat nonlinear material properties in a natural way. The process is repeated 

over and over again until the desired transient or steady-state electromagnetic 

field behavior is fully evolved. 17 

This model has advantages that the calculation results can easily 

understand how to use it and know what to expect from a given model. Most 

of results are displayed as animated figure that is useful in understanding what 

is going on in the model. However, since FDTD requires that the entire 

computational domain be gridded, and the grid spatial discretization must be 

sufficiently fine to resolve both the smallest electromagnetic wavelength and 
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the smallest geometrical feature in the model, very large computational 

domains can be developed, which results in very long solution times. In the 

similar reason, FDTD simulations calculate the E and H fields at all points 

within the computational domain, the computational domain must be finite to 

permit its residence in the computer memory. In the OLEDs, the nano and 

micro structure embedded OLEDs usually employ as FDTD method to 

analyze optical characteristics such as enhancement of light output and near-

filed emission pattern etc. 18-20 Figure 2.1 shows examples of the simulation 

result in OLEDs. 

 

2.2.4 Monte-Carlo simulation 

 

Monte-Carlo simulation is based on the statistical approach, which is using 

the generation of photons with random direction according to a distribution 

function describing the nature of light emission. 12, 13 This model is taking into 

account the details of device geometry by tracking the photon polarization in 

realistic device structure. And it is enable to analysis of optical modes 

including waveguide, absorption, scattering and trapping in the OLEDs. 

However, it is shortcoming that this model is necessary to make sufficient 

number of calculation by picking random direction to reduce statistical error 

resulting in possibility to consume large amount of calculating time and to 

deteriorate their reliability depending on size of number of sampling. 
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2.3 Dipole model  

 

The dipole model is a traditional approach for optical simulations of 

OLEDs. Several other approaches to simulate the outcoupling efficiency of 

the OLEDs are existed. Among them does not allows estimation of the non-

radiative loss such as SPPs1, 10, 11 and often are needed to large computing 

power and time.12, 13, 17 The theoretical model used in this study is based on the 

reported paper [Adv. Chem.. Phys., 37, 1 (1987)] written by Chance, Prock, 

and Silbey (so called “CPS model”), which was described the molecular 

fluorescence and energy transfer near interface in planar structure. The dipole 

model (CPS model) provide the most complete classical picture to describe 

the microcavity effect on a molecular excited state in a conventional OLED.4, 6  

OLEDs have a weak microcavity structure consisting of glass/ITO/ 

organic layers and metal cathode. The spontaneous emission from the excited 

state of a molecule in OLEDs is influenced by the microcavity structure. This 

model is based on the classical electromagnetic theory with full vectorial 

scheme, where a molecular excited state is treated as an oscillating point 

dipole. The radiation field is described by constructing a Green’s dyadic 

function or Hertz vector for an arbitrary multi-layered structure. This model is 

able to compute accurately the dipole lifetime and the fraction of power 

coupled to various optical modes in the microcavity structure of OLEDs 

through with a relatively simple scheme. This theory can also account for the 

coupling of a dipole to the SPPs, which is not possible based on the quantum 

mechanical treatment. Because the theory allows the transform from the near-
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fields to far-fields radiation by simple numerical scheme, many research 

groups have been used this model to calculated emission spectra and emission 

patterns of OLEDs21-24, photoluminescence (PL) efficiency of thin films25, 

energy transfer,8 and characteristics of top emission OLEDs as well as 

OCEs.21, 24, 26  

 

2.3.1 Governing equation 

 

This model is based on the equivalence between the emission of a photon 

due to electrical dipole transition and radiation from classical dipole antenna. 

These dipole transition is proportional to the interaction probability (i.e. 

transition rate) that can be described by Fermi’s golden rules, which is 

expressed as follows:4 

 

2
r E 

     (2) 

 

where, r is the rate for the transition between the excited state and ground 

state. E


 is electric fields of the photon state, and   is dipole moment of 

the excited states. The spontaneous emission results in decaying of the emitter 

to a lower-energy stage, a photon taking away the energy of excitation. 

Therefore, spontaneous emission is proportional to r. In the free space, all 

excited states are possible to emission spontaneously. But in a certain optical 

structure, density of photon states (or transition rate) depends on their 

surroundings, so change in spontaneous decay rate. This control of the decay 
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rate surrounded a certain optical structure was first figured out by Purcell in 

1946 27, which so called “Purcell effect”. Based on this idea, the problem is 

calculating the possible photon states (or optical modes) in a certain structure. 

In the CPS model6, The dipoles, embedded in the multilayer structure 

stack of an OLED, are treated as force damped harmonic oscillators, which is 

formulated as follows:  

 

2 2
2

2 R o

d e d
E b

dt m dt

        (3) 

 

where,   is the oscillation frequency in the absence of all damping, m is 

the effective mass of the dipole, RE  is the reflected fields at the dipole 

position, and ob  is the damping constant (i.e. 1  ,   is lifetime) in the 

absence of the mirror. Both of the dipole and the reflected fields oscillate with 

the same complex frequency, thus, the general solutions of Eq. (3) are 

expressed as: 

 

[ ] /2i t bt
oe e          (4) 

[ ] /2i t bt
R oE E e e        (5) 

 

where,  and b  are the frequency shift and the lifetime in the presence of 

the mirror. The problem is then one of a driven harmonic oscillator where the 

resonant external force is the reflected radiation field of the emitting dipole. 
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Inserting Eq. (4) and (5) in Eq. (3) and collecting the imaginary part of 

solution obtains as follows: 
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  (6) 

 

In general, the frequency shift (  ) is negligible and not considered here. 

From Eq. (6), the change of radiative decay rate in the optical cavity can be 

calculated by considering the magnitude of the reflected electric fields at the 

position of the emitting dipole. Using quantum yields of emitting state 

( rq b b , rb  is radiative decay constant) and normalizing by ob , The 

normalized decay constant ( b̂ ) is expressed as: 

 

2

3

3ˆ 1 Im( )
2 o

o o

b qn
b E

b k
 

    
 

  (7) 

 

where, n  is refractive index of the medium containing the dipole, and k  

is the propagation constant (or wave vector, k n c ,c is speed of light). 

The problem is reduced to that of calculating the reflected (or modified) 

electric fields ( oE ) at dipole position. The electric fields are derived using the 

Hertz vector and solving the Helmholtz equation by an expansion of the fields 

in plane wave. Calculating the reflected fields can be found in elsewhere.6, 7 

Therefore, the details of derivation of electric fields are skipped in this thesis. 
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To apply the model to the OLEDs, Device structure for adapting dipole model 

should be suggested. Figure 2.2 shows a schematic diagram of device 

structure used in the dipole model. From Figure 2.2, the emissive layer 

containing radiative dipole is surrounded by two mirrors (top and bottom 

mirrors). Typically, the mirrors are either dielectric or metals which can be 

used as electrical contact such as ITO and Aluminum. All layers in this study 

are treated as infinite in two dimensions ( x  and y  direction in this study) 

and having a certain thickness in the z  direction. The orientations of dipole 

have two types: horizontally aligned and vertically aligned dipole. 

Horizontally aligned dipole lay down on x-y plane. In contrast, vertically 

aligned dipole stands in the direction of surface normal (i.e. z  direction). In 

the dipole model, the horizontally aligned dipole can be emitted both s (i.e. 

transvers electric (TE)) and p (i.e. transvers magnetic (TM)) polarized light. 

But, vertically aligned dipole is emitted p-polarized light only. Figure 2.3(a) 

described the emitted electromagnetic fields by horizontally and vertically 

aligned dipoles. From this reason, the reflected electric fields should be 

separated for each direction of dipoles. In the same manner, damping constant 

(i.e. Eq. 7) also divided by two directions as horizontal and vertical directions. 

Thereby, the damping constant for horizontally ( b̂ ) and vertically ( b̂ ) 

aligned dipole can be expressed as follows; 
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     (9) 

 

where, ,
,
s p
i jR is reflection coefficient for an incident ray from medium i to j 

polarized parallel (p-polarized) or perpendicular (s-polarized) to the plane of 

incident. u is a variable of integration which corresponds to the value of the 

in-plane wavevector, and 2 2 2l k u  , corresponds to the wave vector 

normal to the plane. ( t , s and d ) are total thickness of emitting layer, 

distance from the position of dipole to top mirror, and distance from the 

position of dipole to bottom mirror, respectively. The numbers of subscript of 

parameters indicate the emitting layer, medium composed of top mirror, and 

medium composed of bottom mirror, respectively. The geometry of cavity 

structure for OLEDs is described in Figure 2.3(b). For many case of interest 

the dipole orientation, isotropic distribution can be normally considered, 

which means a dipole whose moment rotates and smaples all directions in 

space in a time much shorter than the fluorescence life time.  
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In this case, it may be described by a combination of vertical and horizontal 

emitters, weighted by a factor of 1/3 and 2/3, respectively. Therefore, the 

damping constant for the emitter having isotropic distribution ( ˆ
isotropicb ) is 

clearly described as follows: 

 

2 1ˆ ˆ ˆ
3 3isotropicb b b     (10) 

 

However, any arbitrary dipole orientation can be considered as it is a 

combination of perpendicular and parallel dipoles.6, 7, 15 The term in-plane 

wave vector u  needs explaining here. Consider light inside a layer of the 

OLED traveling with wave vector k . The in-plane wave vector u  is the 

projection of k  on the interface of the layer (see figure. 2.4). Light with 

wavelength,  , traveling under a certain angle therefore can be fully 

described by the magnitude u  = | u


|. The in-plane wave vector is a very 

useful way to describe light traveling inside the OLED, as u  is constant for 

light crossing from one layer to another (which is a result of the boundary 

conditions for Maxwell’s equations). It is also used to distinguish light which 

is coupled out of the OLED, trapped in the substrate, or coupled to waveguide 

modes or SPPs. All materials are also treated as homogenous layer. Using a 

transfer-matrix method, the Fresnel coefficients are calculated by taking the 

optical constants and thicknesses of the different layers of the OLED stack 

into account, as well as the position of the dipoles within the OLED, which is 

assumed to be sheet as well. 
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2.3.2 Optical modes in microcavity 

 

To calculate the , the power ratio of light coupled to various optical 

mode should be calculated. In the conventional OLEDs, four types of optical 

mode are existed: radiation mode (i.e. emission into the air), glass confined 

mode (or substrate mode), waveguide mode in organic and ITO, and SPPs. All 

optical modes except radiation mode are loss channel of OLEDs due to 

trapping and/or absorbing by layer in OLEDs. Various optical modes 

classifying the dipole model are illustrated in Figure 2.5. In the dipole model, 

the power spectrum (i.e., the power radiated from the dipoles) can be 

calculated as a function of in-plane wave vector, . To quantify the fraction 

of power coupled specific mode, the area under the curve associated with that 

mode in Figure 2.6 is integrated and divided it by the total area under the 

power dissipated spectrum shown in Figure 2.6(a). Thus, dissipated power 

with  that satisfy to 0 	 . 	 ,	free space wave 

vector) corresponds to the power coupled to radiation mode. If the in-plane 

wave vector satisfy to  ( ,  is 

refractive index of glass substrate at ), the power is confined in glass 

substrate (i.e. glass mode). In the same manner, organic and ITO guided mode 

(i.e. waveguide mode) is that the in-plane wave vector is satisfied to 

. In this case,  is effective wave vector that can be 

expressed as , where,  is effective refractive index which is 

considered of refractive index of organic and ITO together 
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because the film thickness is thin enough to dissipated electric fields to 

altogether. Therefore, waveguide mode does not simply cut on the point of 

 ( i. e.		 . It is calculated from the complex 

dielectric constant (ε ,  is complex refractive index) of these layers, 

similar to calculating the capacitance of a plate capacitor with several 

dielectric media (effective medium approach): 

 

n ε
∑

∑
    (11) 

 

where, d 	 	ε  is thickness and complex dielectric constant of ith layer, 

respectively. In Eq. (11), ∑  is the total thickness of the layer contributing 

to waveguide mode. When  is satisfied, the dissipated power from 

dipole is coupled to SPPs traveling at the organic/metal interface. It is simply 

called “SPPs mode”. 

 Because the dipoles are not constant intensity for all wavelengths, 

spectrum emitted light from dipole has to be weighed with the emission 

spectrum of the emitter. In this thesis, PL spectrum of emitter was used as the 

intrinsic emission spectrum of embedded dipole source in the emitter. The 

power spectrum weighted with PL of emitter is illustrated in Figure 2.6(b).  

 

2.3.3 Evaluation of the efficiency of device by dipole model 

 

In the previous section, we described the classifications of optical mode 
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from dissipated power spectrum calculated by Eq. (10). Based on this, the 

evaluation of  will be illustrated based on analysis of optical mode. The 

coupling power to the radiation mode can be expressed as follows: 

 

, 	 , Γ λ 	   (12) 

 

where, K is integrand of Eq. (10),  is a position of emission zone 

corresponding to the distance from reflective cathode to dipole, Γ is the 

geometrical factor that has a structural and optical information of OLEDs 

such as thicknesses and refractive indices of employing materials in the 

OLEDs. The geometrical factor is considered as a function of wavelength due 

to the dispersion of refractive index. Thus, ( )ou t  can be obtained as 

follows: 
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    (13) 

 

To evaluate the EQE  of the device, it is necessary to modify the 

quantum yields, q . The q  is influenced by optical cavity structure. To 

adopt the modified q  by optical cavity, the effective quantum yields ( effq ) is 

employed. If molecule of emitter characterized by a free-space radiative decay 

rate is 
rad , the effective radiative decay rate affected by optical cavity can be 
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written as 
rad to tP . The effective total decay rate of molecular emitter 

( ( )eff  ) is considered as follows; 

 

( ) ( )eff
nrad tot radP         (14) 

 

where, 
nrad  is non-radiative decay rate of molecular emitter. Accordingly, 

the radiative decay rate of a molecular excited state in an optical cavity is 

proportional to the total dissipated power from dipole ( ( )to tP  ), whereas the 

non-radiative decay rate does not modify.28 This is means that if the radiative 

power is increased by affecting optical cavity, lifetime of molecular emitter is 

shorten and the probability of photon emission is enhanced compared with 

free-space one. Therefore, owing to a variation in radiative decay rate of 

molecular emitter, the radiative efficiency of a luminescent center in the 

optical cavity consistently varies.15, 28 From Eq. (14), the effective quantum 

yields of emitter ( effq ) can easily express as below; 

 

( ) ( ) ( )
( )

( ) ( ) 1 ( )

eff
rad rad tot tot

eff eff
nrad rad tot tot

P qP
q

P q qP

    
     

  
  

 (15)① 

 

Inserting Eq. (13) and (15) to Eq. (4) in chapter 1, the  at   can be 

rewritten as: 

                                            
① Lifetime of molecular emitter ( ) is formulated as . Therefore, intrinsic 

quantum yields is expressed as ⁄ . 
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(16) 

 

Finally, the spectrally integrated EQE ( ) can be obtained and expressed 

as follows; 

 

/
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     (17) 

 

where, ( )PLI   is normalized PL spectrum of emitter. ( ( ) 1PLI d


   ). 

 

2.3.4 Evaluation of radiated spectrum and emission pattern in 

OLEDs 

 

The power radiated into the ambient needs to simulate the far-field 

radiation as functions of   and emission angle. To evaluate angular 

emission spectrum, the dissipated power into the far fields should be used: 
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where, T and R  are total transmission and reflection coefficient  

surrounding the EML of upper (ambient/EML) and lower (EML/substrate) 

interface In this equation, u  is related on the emission angle in ambient 

(subscript 3 in Eq. (18)) corresponds to Snell’s law (
3 3sinu k  ,

3 32 ( )k n   )). The contribution of each dipole orientation is considered 

as isotropic distribution. To consider the any dipole orientation, it should be 

combined with the portion of perpendicular and parallel dipoles.  

 

2.4 Calculation scheme and confirmations of optical 

simulation as the examples 

 

2.4.1 Description of calculation scheme 

 

To show the calculation procedure used in this thesis, the simulation 

routine is summarized in a flow chart, Figure. 2.7. First, structural and optical 

parameters in OLEDs such as layer thickness and optical constant of materials 

input to program code. After input process complete, Fresnel coefficients (i.e. 

reflection and transmission coefficient) for s and p polarization are calculated 

by the transfer matrix method. These Fresnel coefficients are also used as 

input parameter to solution of the dipole model as Eq. (8) and (9). The power 

dissipated spectrum for horizontally and vertically aligned dipole are 

calculated and integrated under the curve of dissipated power spectrum until 

in-plane wave vector reaches the border that indicate the maximum in-plane 
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wave vector within any optical mode. As the organic emitters have a broad 

spectral width, the simulations should be carried out at multiple wavelengths. 

In this work, the wavelength range usually is taken to be 400 nm λ  800 

nm. This requires that the optical constants for each layer of the OLED are 

also known in this spectral range.  

 

2.4.2 Verification of optical simulation 

 

To verify the optical simulation, the reported results were used as 

references to confirm the simulated results. First example, the Ag/Eu3+/air 

system, since the experimental data from Drexhage et al., which that is 

example introduced by original paper of CPS model.6, 29 These results 

illustrated about determining the radiative lifetime of Eu3+ emitters with 

different distances from a semi-infinite Ag interface to position of Eu3+ 

emitters. Geometry of this system is illustrated in Figure 2.8(a). The stack 

consists of thick Ag substrate, patty acid optical spacer and a mono-layer of 

Eu3+. The mono-layer is positioned at the interface of air/fatty acid spacer. The 

distance from interface between Ag to Eu3+ emitter is controlled by gradually 

increasing a thickness of fatty acid layer (d in this calculation). The emission 

wavelength of Eu3+ emitter is 612 nm. The intrinsic lifetime (τ ) and quantum 

yields of emitter (q) are 632 ㎲ and 0.76, respectively. Isotropic distribution 

of Eu3+ emitter is assumed. In this thesis, the life time of this emitter can be 

calculated using Eq. (10). The simulated results of lifetime of emitter are 

demonstrated in Figure 2.8(b). 
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The simulated value (red solid line) is excellent agreement with reported 

results. 

To verify the η , the calculation result of simple OLED stack reported 

from Adachi et al. is used as reference.30 The schematic diagram of device 

structure and optical constants used in this simulation were illustrated in 

Figure 2.9(a). OLED stack consists of glass/ITO (160 nm)/organic layer (125 

nm) and semi-infinite Mg:Ag cathode. The results showed the calculated 

η  as a function of the position of emission zone. The simulation results 

were demonstrated in Figure 2.9(b). The reported results by Adachi et al. are 

also presented in the same figure. The η  obtained the optical simulation 

used in this thesis is well agreed with the reported results. Third example, the 

analysis of optical mode are also demonstrated and compared with reported 

results. For the comparisons, the green-emitting polymer OLEDs based on the 

reported paper from Kim et al.31 is used as reference for confirming optical 

mode analysis. The simulation results of this structure reported by J.A.E 

Wasey et al., which they were simulated and plotted for the power coupled to 

various optical modes.32 The schematic diagram of device structure and 

optical constant used in this simulation were described in Figure. 2.10(a). 

OLED stack consists of semi-infinite glass substrate/ITO (160 nm)/polymer 

layer (72 nm) and semi-infinite Mg:Ag cathode. The anisotropy of refractive 

index of polymeric material was ignored. The simulation results of optical 

mode analysis were demonstrated in Figure 2.10(b). The results calculated by 

the scheme of this thesis are exactly matched with reference. Another example 

about the mode analysis of OLEDs also was illustrated here. The simulated 
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results were referred from the Ph.D thesis of Dr. Stefan Nowy from prof. 

Brutting group.33 He showed the simulated results of the OLED stack, which 

is based on the structure from reported paper.21 The schematic diagram of 

device structure was represented in Figure 2.11(a). The optical constants of 

the materials used in this simulation were referred from his thesis. The optical 

simulation has performed under condition of isotropic distributed emitter. The 

emission zone was positioned at the interface between HTL and EML. The 

calculation results were illustrated in Figure 2.11(b). The calculated results are 

exactly matched with the result from the reference. 

Based on these examples, the calculation scheme used in this thesis is 

enough to simulate the general OLEDs stacks to analyze the efficiency of 

device. In the next chapter, various results for analysis of device efficiency 

will be illustrated and discussed in details. 
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Chapter 3. Outcoupling efficiency of OLEDs and the 

effect of ITO thickness 
 

3.1 Motivation and historical review of the results of 

outcoupling efficiency 

 

The  in phosphorescent OLEDs (PhOLEDs) sets the achievable 

maximum external quantum efficiency due to nearly 100% internal quantum 

efficiency of PhOLEDs.1, 2 Also, the last chapter has showed that various 

methods including ray optics, classical electromagnetic theory, quantum 

mechanics, finite difference time domain method, and Monte Carlo simulation 

have been used to analyze the OCE in OLEDs. Among them, ray optics 

neglects the interference effect between reflective electric fields and dipole 

radiated fields. Therefore, the efficiency is underestimated by the analysis. 

The quantum mechanical treatment uses Fermi’s golden rule to compute both 

the radiative and internal electric field distribution. However, interaction 

between an emissive exciton and a metal mirror was not considered. Hence, 

their values have been overestimated. (~ 50%). 

The classical dipole model enables to compute various optical modes 

accurately with simplicity.3, 4 Because of the reason, this method is widely 

used to analyze the optical characteristics of OLEDs and there are many 

reports on the outcoupling efficiency analyzed by the method. 2, 5-16 Most of 

the results up to now predicted the OCE of 20-23% for bottom emission 
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OLEDs under assumption of isotropic emitter. However, external quantum 

efficiencies (EQEs) over 23% and reaching to 29% have been reported in 

recent years17-20. Therefore, we need to re-evaluate the outcoupling efficiency 

more accurately to resolve this contradiction since the EQE of an OLED 

cannot exceed the OCE. Recently, there have been some papers reporting a 

calculated OCE over 30%, but in these cases, the embedded dipoles were 

preferentially oriented parallel to the organic layer 21, 22. This preferred 

orientation is frequently observed in polymer LEDs. One exceptional case 

reporting a calculated OCE over 30% was for a (presumably isotropic) 

phosphorescence OLED with a fixed thicknesses of the organic layers and 

ITO layer whose device structure was similar to the device of Celebi et al. 5, 

where the outcoupling efficiency was 22%. Previous works based on the CPS 

model are summarized in Table1.  

 

3.2 Brief description of analytical method 

 

Bottom emission OLEDs, which were investigated in this paper, have a 

weak microcavity structure consisting of glass/ITO/multiple organic 

layers/metal cathode. Even though many groups have used the CPS model to 

calculate the OCEs of the conventional OLEDs, the microcavity structure has 

not been systematically varied to cover all possible states such as the position 

of the emission zone and the thicknesses of the ITO and organic layers. The 

analyses were done with either fixed thicknesses of both the ITO and organic 

layers2, 5, 23 or with a fixed ITO thickness 6, 8, 10, 22. Especially, the thickness of 
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the ITO layer was fixed in all the analyses because the effect of the thickness 

of the ITO layer on OCEs has not been considered in previous works. 

In this section, we systematically varied the location of the emission zone and 

the thicknesses of the organic layer and the ITO layer independently to 

calculate the maximum OCE in bottom emission OLEDs. This analysis will 

demonstrate that maximum outcoupling efficiencies over 27% and 30% are 

achievable if thin ITO layers in the range of 50–70 nm and 50–100 nm are 

used for blue and green phosphorescent OLEDs, respectively. Even higher 

efficiencies of 29% for blue and 31.6% for green can be obtained if we use 

thicker organic layers supporting two antinodes suggesting that 

phosphorescent OLEDs can have much higher external quantum efficiency 

than 20%. 

To investigate the OCE of bottom emission OLEDs, a few assumptions 

are made. First, the device has a layered structure and is modeled as a simple 

one dimensional (1D) weak microcavity consisting of a thick reflective 

cathode, an organic layer, an ITO layer and a semi-infinite glass as shown in 

Figure. 3.1. Most efficient OLEDs have multiple organic layers consisting of 

the hole injection, hole transporting, emitting, electron blocking, electron 

transporting and electron injection layers. Accounting for all the layers in the 

calculation of the OCE requires too much computational time and is not 

necessary because the refractive indices of organic semiconductors are not 

significantly different for the materials commonly used in the devices. 

Therefore, the simplification of the multiple layers by a single emission layer 

does not degrade this optical calculation at all. Second, the dipole radiators are 

imbedded in the layered structure as a sheet and their orientations are  
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Table 3.1. Summary of outcoupling efficiency and conditions of simulation in 
the literature 
 

Groups (or authors) OCEs 
(maximum) 

Condition 

C.Adachi et. al.1 22 % 
Under the fixed thickness of organic 
and ITO layers 

N.Tessler 4 20 % 
Under the fixed thickness of organic 
and ITO layers 

J.M. Ziebarth et. al.5 

 36 % 
(x = 75 nm) 
 
52 % 
(x = 250 nm)

 
 
Glass/ITO(150nm)/PEDOT(80nm)/Pol
ymer(x)/Ca(5nm)/Ag(50nm) 
 
Only the thickness of the polymer 
layer was varied. Considered only the 
emission from dipoles oriented along 
the plane (TE mode) 

L.H. Smith et al.6 

 
 
25.8 % 
 
 
25.8 % 
 
33.7 % 

 
 
glass/ITO(100nm)/Dendrimer based on 
Ir-G1(145nm)/Al 
 
glass/ITO(100nm)/Alq3(130nm)/Al 
 
glass/ITO(100nm)/MEH-
PV(110nm)/Al 
 

C.L. Lin et. al.7 22 % 

 
Under the fixed structure except the 
thickness of HTL 
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C.L. Mulder et. al.8 
30 % glass/ITO(160nm)/PEDOT(30nm)/TP

D(50nm)/Mcp:Firpic(6%, 
20nm)/BCP(40nm)/LiF/Al(100nm) 

 

 

K. Celebi et al.9 

 
 
 
 
22 % 

Under the fixed thickness of all 
organic layers and the ITO layer 
 
 
(Glass/ITO/PEDOT/TPD(50nm)/Alq3(
20nm)/BCP(50nm)/Mg:Ag(100nm)/A
g(20nm)) 

 

 
 
Benjamin C. 
Krummacher et al.10 
 

 
 
 
20 % 

 
 
 
Glass/ITO(115nm)/HTL(203nm)/EBL(
10nm)/EML(7nm)/HBL(10nm)/ETL(x
)/Ag(200nm). Only the thickness of 
the ETL was varied 

 
 
 
 
 
 
 
Stefan Nowy et al.11 

 
20 % 
 
 
23.0 % 
 
 
25.8 % 
 
 

 
Glass/ITO(140)/PEDOT:PSS(30nm)/T
PD(80nm)/Alq3(x)/Ca(15nm)/Al(100n
m)  
Only the thickness of the Alq3 was 
varied 

 
Air/ITO(50nm)/Alq3(160)/Ca(15)/Al 

 
 

air/ITO(50nm)/Alq3(160nm)/Ag,  
(Similar structure with top emission 
device.) 

 
    
 
Our research 

 
32.8 % 
 

Systematic variation of the thickness of the 
ITO and the organic layer, and the location 
of emission zone 
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randomly distributed. Random distribution of the dipoles is in good agreement 

with experimental results for amorphous small molecular systems 4, 7, 11, 24-28. 

The sheet dipole approximation is also not a limitation of this calculation. Any 

distribution of excitons in a real device can be easily accounted for by the 

weighted integration of the calculated OCEs based on the sheet dipole 

approximation. Third, the intrinsic PL quantum yields of the phosphorescent 

dyes are assumed to be 100%. This assumption is reasonable for Ir(ppy)3 in 

CBP or Firpic in mCP 2, 29. 

In the classical theory of radiation, the normalized damping rate of 

oscillating electric dipoles is proportional to the dissipated power of the 

dipoles. (see the chapter 2) Therefore, the power emitted dipole calculated the 

normalized damping rate of dipole radiators in the 1D microcavity as a 

function of wavelength with the thickness of the organic and ITO layer and 

the position of emission layer. The total radiated power from the dipole 

radiators at each wavelength was described the Eq. (14)-(16) and (19) in the 

chapter 2 in detail. We selected the blue and green PhOLEDs for the analyses 

where iridium(III) bis[(4,6-difluorophenyl)pyridinato-N,C20]picolinate 

(Firpic) doped in N,N0-dicarbazolyl-3,5-benzene (mCP) and fac-tris(2-

phenylpyridine) iridium (Ir(ppy)3) doped in N,N0-dicarbazolyl-4–40-biphenyl 

(CBP) were used as the emitting layer, respectively. Doping concentration 

was 6 wt.% in the organic layers. The complex refractive indices of all 

organic layers for simulation were measured by a spectroscopic 

ellipsometry.30 The refractive index of Ir(ppy)3 in CBP is larger than Firpic in 

mCP in the visible region. The refractive indices of ITO layer and Al were 

taken from references.31, 32  
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3.3 Outcoupling efficiency of OLEDs – the effect of 

thickness of ITO 

 

The calculated OCEs of the OLEDs are represented as contour plots in 

Figure. 3.2 as functions of ITO thickness and the location of emission zone 

for the blue and green OLEDs with two different thicknesses of the organic 

layers. The OCEs are significantly changed as the location of the emission 

zone changes. The OCEs increase from zero at d = 0 due to the quenching by 

the metal layer to the maximum at the antinode position of the electric field 

coming from the interference effect. Further movement of the emission zone 

from the metal cathode reduces the OCE due to the reduced electric field and 

increased interaction with ITO. If the organic layer is much thicker to support 

the second antinode as shown in Figure 3.2(c) and 3.2(d), the distribution of 

OCEs has two peaks now. Proper selection of the thickness of the organic 

layers will result in higher OCEs at the second antinode than the first antinode 

because it is farther apart from the metal electrode to reduce the dipole-metal 

interaction. The OCEs are also affected by the thickness of the ITO even 

though it is less extent than the position of the emission zone. The OCEs 

oscillate from 20% to 25% with increasing ITO thickness when the emission 

zone is located at the antinode position. This oscillation is coming from the 

interference effect of the reflected light from the ITO layer. The effect of the 

ITO thickness is less than the effect of the position of the emission zone 

because the reflection by the ITO layer is smaller than the reflection of the 

metal cathode. The maximum OCEs are obtained when the structure satisfies  
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the resonance condition of the emitted light. When the thickness of the 

organic layer is 100 nm, which is a thickness commonly used in OLEDs, the 

maximum OCEs are 25.6% and 26.1% for blue and green OLEDs, 

respectively. It is worthwhile to note that maximum OCEs are obtained when 

the thicknesses of the ITO layer are 95 and 125 nm for blue and green OLEDs, 

respectively, if the thickness of the organic layer is 100 nm. The thicknesses 

are thinner than the widely used thickness of 140–160 nm in OLEDs. OLEDs 

with a 100 nm thick organic layer and 140–160 nm thick ITO layers result in 

maximum OCEs of 20 ± 2% for blue and 22 ± 2% for green which are 

consistent with previous theoretical results.2, 33  

The maximum OCE for a given ITO thickness and an organic layer thickness 

can be obtained by varying the emission zone in the device. By repeating the 

procedure for different thicknesses of the ITO and organic layers, we can now 

get the contour plots of the maximum OCEs as functions of the thickness of 

the ITO layer and the thickness of the organic layer shown in Figure 3.3(a) 

and 3.3(b) for the blue and green PhOLEDs, respectively. These figures 

clearly show that the OCEs in normal bottom emission OLEDs can be as high 

as 30% in green OLEDs and 27% in blue OLEDs if the first antinode is used, 

e.g., when the thickness of the organic layer is thinner than 200 nm. OCEs 

over 30% can be achieved with an ITO layer thinner than 100 nm for the 

green OLED. The blue OLEDs require a thinner organic and ITO layer than 

the green OLEDs as expected. The ITO layer must be thinner than 80 nm to 

get the OCE over 26% from the blue OLED. The EQEs can be even higher if 

the emission zone is located in the second antinode in the thicker OLEDs 

because of the smaller coupling to SPPs mode and evanescent field. EQEs of 



 

 63

29% and 31.6% are possible for the blue and green OLEDs, respectively. The 

parameters that achieve the maximum OCEs are summarized in Table 2. It 

must be noted that the high efficiencies are obtained by using much thinner 

ITO layers and thicker organic layers than normally used in OLEDs. In fact, 

most recent high efficiency OLEDs have adopted thinner ITOs ranging from 

70 to 110 nm.17, 18, 20 The EQEs of recent high efficiency OLEDs are compared 

to the calculated results in the figures. The experimental EQEs are very close 

to the maximum OCEs predicted by the analysis. These results indicate that 

the devices are well designed to satisfy the optical conditions for the location 

of the emission zone and the electron–hole balance. Variation of the maximum 

OCEs through altering the thicknesses of the ITO layers can be easily 

understood by analyzing the coupling ratio of the dissipated power of the 

emitted light to various optical modes shown in Figure 3.4 which are 

calculated along the ridge line of the first antinode in Figure 3.3. There are 

discontinuities in the graphs when the ITO layer begins to support the 

waveguide mode (critical thickness for waveguiding in the ITO layer) so that 

the power dissipated in the organic and ITO layers shows rapid change at the 

expense of the surface plasmon polaritons mode at the thicknesses. It is clear 

that coupling to the glass substrate is almost constant if the ITO layer is 

thinner than the critical thickness of the ITO layer for waveguiding. Therefore, 

the variation of the OCEs is originated from the variation of the power 

dissipation to the organic, ITO and metal layers with the thickness of the ITO 

layer. 
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Table 3.2. The values of parameter giving the maximum outcoupling 
efficiency for blue and green devices 

  
1st antinode 2nd antinode 

  
Blue Green Blue Green

Outcoupling efficiency 
 

27.3 30.4 28.9 31.6 

Organic layer thickness (nm) 132 155 285 330 

ITO thickness (nm) 67 75 65 75 

Emission zone (nm) 68 75 207 242 
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3.4 Summary 

 

In conclusion, we have systematically analyzed the outcoupling efficiencies of 

OLEDs. The green and blue phosphorescent OLEDs based on Ir(ppy)3 doped 

CBP layer and Firpic doped mCP layer were used as examples, respectively. 

Emphasis was given to the effect of the thickness of the ITO layer on the 

OCEs. OCEs over 30–32% and 27–29% are possible for green and blue 

OLEDs, respectively, in contrast to the common belief of 20–22%. The high 

efficiencies are achievable with thinner ITO layers, 100 nm and 80 nm for 

green and blue PhOLED, respectively. If the ITO layer is 150 nm thick, the 

maximum OCE is about 22% which is consistent with previous results. Our 

theoretical OCEs are very much consistent with the external quantum 

efficiencies of recent high efficiency OLEDs. Even though our analysis was 

based on specific devices, the OCEs obtained in this analysis must be quite 

general for OLEDs since the refractive indices of organic semiconductors are 

not so much different from each other. 
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Chapter 4. Outcoupling efficiency of organic light 

emitting diodes employing graphene as the 

transparent anode 

 

4.1 Motivation 

 

In recent years, the organic light emitting diodes (OLEDs) industry has 

expanded their focus to large area and flexible displays, beyond the display 

for smart phones. Unfortunately, ITO, the most commonly used transparent 

conducting electrode, is difficult to use as an electrode for large area flexible 

displays because ITO is brittle and easily generates cracks under bending 

stress.1, 2 Moreover, ITO is a major factor in rising costs, due to a depletion of 

resources and an increase in the complexity of the fabrication process for the 

device. For these reasons, graphene has received great attention to replace 

ITO. Graphene is a material possessing high conductivity, high charge 

mobility and high transmittance (~97.7% per monolayer) in the entire visible 

range.3-5 Furthermore, graphene shows a high stretchability as well as the 

chemical and thermal stability.3, 6 Thus, graphene has been applied to various 

optoelectronic devices.3, 6-12 In OLEDs, graphene has been used as a 

transparent electrode or injection buffer between the organic layer and the 

ITO.9-11 However, graphene based OLEDs showed low efficiency compared to 

ITO based OLEDs. High contact resistance (~ hundreds )10, 12 and a lack 

of optical analysis about an optimum device structure  are the major causes 
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of the low performance. There is a theoretical prediction of the outcoupling 

efficiency (OCE) of a graphene based OLED with a fixed structure to show a 

similar OCE with an ITO based control device.10 Since the optimum device 

structure giving the highest outcoupling efficiency depends on the thickness 

and refractive index of the transparent electrodes (TE),13 the simple 

replacement of the transparent electrode with fixed organic layer thicknesses 

is insufficient to interpret the outcoupling efficiency for graphene based 

OLEDs. 

In this chapter, we analyzed and described the OCEs of green 

phophorescent OLEDs with graphene as the anode using the classical 

electromagnetic model and compared it with ITO based devices. We 

systematically varied the thickness of the organic layers and the location of 

the emission zone (EZ) with the thicknesses of the graphene and ITO layer as 

the parameters. To obtain meaningful results, the OCEs were plotted as a 

function of the sheet resistance of the transparent electrodes. The maximum 

OCEs of the OLED with 3 or 4 monolayers of graphene as the anode (24%) 

are comparable with a device with 150 nm thick ITO (25%), where the sheet 

resistances are almost the same between the electrodes with 24 . 

However, the OCEs of graphene based OLEDs are lower than the ITO based 

devices with the same sheet resistance in most cases. This limitation of lower 

OCEs in graphite based OLEDs compared to ITO based ones can be 

overcome by the graphene/transparent conducting oxides (ITO or IZO) 

composite electrode. Calculation results predict that the graphene/ITO or IZO 

composite layer has a large potential to get a high OCE with a low sheet 

/ 
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resistance and high outcoupling efficiency at the same time.  

 

4.2 Brief description about theoretical approach 

 

The OLEDs used for the calculation of the OCE have a layered structure 

consisting of a thick reflective cathode, an organic layer, a transparent 

electrode layer and semi-infinite glass as shown in Figure 4.1. Graphene, ITO 

or ITO/graphene composite electrode was used as the transparent anode. The 

N,N′-dicarbazolyl-4-4′-biphenyl (CBP) layer doped with 6 wt% fac-tris(2-

phenylpyridine) iridium (Ir(ppy)3) was considered as the organic layer. We 

simplified the multiple organic layers to a single emitting layer because the 

refractive indices of the organic semiconductors commonly used in the 

devices are not significantly different. For simplicity, the dipole radiators are 

embedded in the layered structure as a sheet and their orientations are 

randomly distributed. The sheet dipole approximation is not the limitation of 

this calculation because any distribution of excitons in a real device can be 

easily accounted for by the weighted integration of the calculated OCEs based 

on the sheet dipole approximation. The intrinsic photo-luminescent (PL) 

quantum yields of the phosphorescent dyes are assumed to be 100% in the 

simulation, which is reasonable for Ir(ppy)3.
14, 15 The classical electromagnetic 

model, which considers an exciton as a radiating dipole, is applied for the 

purpose of optical modeling in OLEDs. The detailed procedure and 

formulation of the optical modeling have been described before. 13, 15-17 The 

complex refractive indices (RI) of graphene and the organic material were  
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obtained from the reported literature.13, 18 The optical constants of glass, ITO 

and Al were also obtained from the literature.19, 20 In the optical modeling, the 

thickness of the multilayer graphene (X in Figure 4.1) is assumed to be  

monont , where n is the number of monolayers and tmono is the thickness of the 

graphene monolayer (0.335 nm).18 The optical constants of graphene are 

assumed to be independent of the number of monolayers and the dependence 

on the fabrication condition of the graphene layer is ignored. 

 

4.3 Results and discussions 

 

The calculation results of the OCEs of the graphene based OLEDs are 

displayed in Figure 4.2. The outcoupling efficiency of the ITO based OLEDs 

for the selective thicknesses of ITO (80, 150 and 270 nm, respectively) are 

also plotted in Figure 4.2 for comparison. We calculated the OCEs for a 

number of monolayers up to 10. The simulation results show that the 

maximum OCE for the 1st mode of the graphene OLEDs is 0.243, which is 

significantly lower than the maximum OCE of 0.304 for the ITO based 

OLEDs which is achieved with an ITO thickness of 80 nm. However, when 

we compare this with an OLED with an ITO thickness of 150 nm, which is 

commonly used in practical OLEDs in order to have a low enough sheet 

resistance, the OCEs of the graphene based OLEDs are almost the same as the 

ITO based OLEDs. It is interesting to note that the thickness of the organic 

layer at the 1st anti-node, giving the largest OCE, is much thinner (90~100 nm) 

than for the ITO based OLEDs (150 nm) when the number of the graphene  
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monolayers are less than 6. This difference comes from the different phase 

changes of the emitted light between the thin graphene layer and the thicker 

ITO layer. 

Although the OCEs of graphene based OLEDs are lower than ITO based 

devices, as shown in Figure 4.2, it would be more informative to compare the 

maximum achievable OCEs against the sheet resistance of the electrodes 

because the sheet resistance is an important parameter for current driving 

devices such as OLEDs. The sheet resistance of graphene was calculated 

using the following equation;10 

 

   
2

1
s

D

R
N

         (1) 

 

where 
sR  is the sheet resistance, 

2D  is the bidimensional conductivity 

described by n e  (where n ,  and e  are the density of charge carrier, the 

mobility of carrier and the unit charge, respectively.), and  N  is the number 

of graphene monolayers. Two limiting values for the mobility and carrier 

density of 32.0 10   cm2/Vsec and 131.0 10n   /cm3, and of 

42.0 10   cm2/Vsec and 123.4 10n   /cm3 were used for the calculation 

of the sheet resistance of graphene.7, 10 The calculation results of the thickness 

vs. sheet resistance are plotted in Figure 4.3(a). The experimental data of the 

sheet resistance for various thicknesses of graphene and ITO referred from the 

literature are plotted in Figure 4.3(a).21, 22 Figure 4.3(a) shows that the recent  
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experimental data of doped and pristine graphene are well matched with two 

theoretical limitations up to 4 monolayers. To achieve a sheet resistance of 10 

/  , only 3.35 nm of graphene (for 42.0 10    cm2/Vsec and 

123.4 10n   /cm3) are needed while the thickness of the ITO should be larger 

than 250 nm. The maximum OCEs achievable at given thicknesses of the 

graphene and ITO electrodes are plotted against the sheet resistance in Figure 

4.3(b). The maximum OCE of the ITO based OLEDs is about 30% when the 

ITO thickness is around 80 nm. However, the sheet resistance of the 80 nm 

thick ITO is 70 /  , which is not practical to use as an anode for OLEDs. 

Thus, the thickness of the ITO should be increased to reduce the sheet 

resistance. For this reason, 150 nm thick ITO is most widely used as the anode 

of OLEDs where their sheet resistance becomes around 20 /  . Thicker 

ITO can reduce the sheet resistance further but at the expense of the 

transmittance and for a higher price. The OCE is 0.252 of the OLEDs with a 

150 nm thick ITO layer whose sheet resistance is 23 /  . The OCE of the 

graphene based OLEDs having a similar sheet resistance is about 0.240 for 

42.0 10    cm2/Vsec and 123.4 10n   /cm3, which is comparable to the 

OCE of the ITO based OLED. This is an encouraging result illustrating the 

possibility that the graphene based OLEDs can achieve a similar performance 

to an ITO based device. With an exception around 150 nm thick ITO, however, 

the OCEs of the graphene based OLEDs are still lower than the ITO based 

devices. The lower OCEs of the graphene based OLEDs originate from the 

low reflectance of the graphene layer resulting in a weak interference effect 

from the weak microcavity structure.  
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This limitation of a lower OCE in graphene based OLEDs can be 

overcome by the use of a graphene/Indium Zinc Oxide (IZO) composite 

electrode. By using a composite of a graphene layer and an IZO layer we can 

achieve high conductivity, high transparency and flexibility at the same time. 

IZO is a transparent conducting oxide which can be deposited at room 

temperature and possesses flexibility because its structure is amorphous.2 

Unfortunately IZO has a higher sheet resistance than ITO. By forming a 

composite electrode of IZO and graphene, we can take advantages of both 

materials to get low sheet resistance and high flexibility. Furthermore, the IZO 

plays a role of a weak mirror or phase changing layer to enhance the internal 

interference effect resulting in high OCE through controlling their thickness. 

The schematic diagram of the device structure used in the calculation is 

illustrated in Figure 4.3(c). The refractive index of IZO is assumed to be the 

same as for ITO.20, 23 The number of graphene layers for the composite 

electrode is fixed to 4 where the transmittance and the sheet resistance of the 

graphene layer become similar to that for 150 nm thick ITO (~90% 

transmittance and 20~30 /   sheet resistance). The sheet resistance of the 

composite electrode was calculated from the known sheet resistance of IZO 23 

and graphene using the following formula evaluated from the transmission 

line model (TLM) for bi-layer structure, ignoring the contact resistance 

between the graphene and the IZO film.24  

 

   
, ,

,
, ,

sh graphene sh IZO
sh composite

sh graphene sh IZO

R R
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R R



   (2) 



 

 81

 

where ,sh compositeR  is the sheet resistance of the composite electrode and 

,sh graphene or IZOR  is the sheet resistance of graphene or IZO, respectively. The 

calculation results of the maximum OCEs are included in Figure 4.3(b). The 

sheet resistance of the graphene composite is located below 20 /  even with 

the 40 nm thick IZO layer, while the 190 nm thick ITO layer is required to get 

the sheet resistance, demonstrating that the composite electrodes can realize 

low sheet resistance results very easily. The OLEDs with the composite 

electrode composed of 4 monolayer graphene/80 nm thick IZO can obtain the 

maximum OCE of 0.265 at 16.9 / , which is higher than the OLEDs with 

the graphene only electrode or with the 150 nm thick ITO electrode, while the 

sheet resistance of the composite electrode is much lower than that of the 

other electrodes, demonstrating the potential of the composite electrode with a 

low sheet resistance and high outcoupling efficiency compared with ITO 

based OLEDs. 

Although we predicted the enhancement of the OCEs by using composite 

electrode, the OCEs of graphene based OLEDs still lower than the ITO based 

OLEDs in the wide range of sheet resistance. Thus, we suggest another 

method to improve the enhancement of OCEs. The light extraction techniques 

would be more useful method than composite electrode because emitted lights 

are more confined within organic layer and/or glass substrate while graphene 

is too thin to allowing waveguide of light through within electrode. To 

describe this situation, we calculated coupling ratio consisting of radiation, 

glass confined and waveguide mode for graphene based OLEDs. The 



 

 82

calculation results are described in Figure 4.3(d). The coupling ratios of ITO 

based device are represented from previous reports for the purpose of 

comparison.13 The graphene based OLEDs showed much higher coupling 

ratio above 0.1 than ITO based OLEDs in the entire range of sheet resistance. 

Therefore, we predicted that the light extraction techniques are much helpful 

to enhance the outcoupling efficiency of graphene based OLEDs through 

employing the combined method of various techniques such as a lensed array 

on substrate (i.e. extracting substrate mode), the 2D photonic crystal and low 

index grid (i.e. extracting waveguide mode).25-27 thus, we expected that 

graphene based OLEDs combined with light extraction layer are most 

promising technology to show much higher efficiency than ITO based OLEDs. 

 

4.4 Summary 

 

We theoretically analyzed the OCEs of green phosphorescent OLEDs 

with graphene as the anode using the classical electromagnetic model. The 

OCEs of the OLEDs with 3 and 4 monolayers of graphene as the anode are 

comparable to the ITO based device with the 150 nm thick ITO, where both 

electrodes have a similar sheet resistance of about 24 /  . However, the 

OCEs of graphene based OLEDs are lower than the ITO based devices with 

the same sheet resistance in most cases. This limitation can be overcome by 

the two methods; (1) the graphene/ITO (or IZO) composite electrode, which 

can achieve high outcoupling efficiency, low sheet resistance and high 

transmittance at the same time and (2) the light extraction techniques such as 
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micro-lens array and textured structure incorporated OLEDs. We showed that 

the OLED with the 4 monolayer graphene/80 nm thick IZO composite 

electrodes can obtain the maximum OCE of 0.265 at 16.9 / , which is 

higher than the OLEDs with the graphene only electrode or the 150 nm thick 

ITO electrode, while the sheet resistance of the composite electrode is much 

lower than that of the other electrodes. Although IZO (or ITO) was used as a 

component of the graphene composite electrode, indium free conducting 

oxide such as aluminum doped zinc oxide (AlZnO) can be used instead of 

IZO. We also showed that the light extraction techniques are much helpful to 

enhance the outcoupling efficiency of graphene based OLEDs. The simulation 

results of the light extraction layer incorporated graphene based OLEDs 

demonstrated the potential that light extraction layer is very powerful to 

achieve the high performance graphene based OLEDs with higher OCEs than 

ITO based device. Therefore, the graphene is useful to employ as an electrode 

of device for lighting application. 
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Chapter 5. Organic light-emitting diodes with 30% 

external quantum efficiency based on horizontally 

oriented emitter 

 

5.1. Introduction 

 

Organic light emitting diodes (OLEDs) with horizontally aligned 

emitters have the potential to achieve high external quantum efficiency (EQE) 

without outcoupling enhancement layers. An emitter with a horizontal 

transition dipole moment results in much higher outcoupling efficiency than 

the vertically aligned dipole as demonstrated in polymers and vacuum 

evaporated organic molecules.1-8 Recently, not only fluorescent molecules but 

also some phosphorescent dyes are reported to have preferred horizontal 

dipoles where high EQE over 30% is expected.9-13 Unfortunately no 

experimental data have yet demonstrated the potential of horizontally oriented 

phosphorescent dyes to get high efficiencies over 30% to our best knowledge 

because of the lack of a device structure to get perfect electron and hole 

balance. Moreover, the most commonly used green phosphorescent dye, 

Ir(ppy)3, doped in CBP was reported to have isotropic distribution of emitting 

dipoles.13 Thus, it is important to develop or find a host/guest system that has 

preferentially horizontal dipoles as well as a device structure with nearly 100% 

charge balance, i.e. without electrical loss, to demonstrate the validity of the 

prediction of the optical model. Recently our group reported a very high 
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efficiency green phosphorescent OLED with the EQE of 29.1% and extremely 

low roll-off of efficiency at high current density. In this device Ir(ppy)2(acac) 

[bis(2-phenylpyridine)iridium(III)-acetylacetonate] was doped in the exciplex 

forming co-host system of TCTA [4, 4′, 4 ″-Tri (N-carbazolyl) triphenylamine] 

and B3PYMPM [bis-4,6-(3,5-di-3-pyridylphenyl)-2-methylpyrimi-dine].14 

The high efficiency of the OLED with low roll-off of efficiency indicates that 

the electrical loss (including charge balance and exciton-polaron quenching) 

seems to be negligible in the device so that it can be used as a platform to 

analyze the outcoupling efficiency and the factors influencing the EQE and 

eventually validate the prediction of an optical model.  

In this chapter, we demonstrate by optical analysis that the 

phosphorescent emitter, Ir(ppy)2(acac) in the device has a preferred non-

isotropic orientation with horizontal to vertical dipole ratio of 0.77:0.23 ( = 

0.77), and the device has the maximum EQE of 30% based on the PL 

quantum yield ( PLq ) of 0.94 in the thin film and 100% charge balance. The 

theoretical prediction agrees very well with the experimental data, validating 

the optical model used for the prediction of the EQE. Based on the validation, 

we offer a universal plot of maximum efficiency achievable with different 

values of PLq and  in a dye doped emitting layer (EML) without fabricating 

devices. The optical analysis indicates that OLEDs with EQE higher than 40% 

can be realized without any extra light extraction layers, if phosphorescent 

dyes with PLq and  over 95% are used. 
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5.2. Simulation of external quantum efficiency 

 

The EQE of an OLED has been expressed by the following equation: 15  

 

/EQE S T PL outq          (3) 

 

where   is the charge balance factor, /S T  is the singlet-triplet factor ( /S T

=0.25 for fluorescent, /S T =1 for phosphorescent emitter), PLq is the PL 

quantum yield, and out  is the outcoupling efficiency of the emitted light. 

However, the quantum efficiency of an emitter in a micro-cavity structure is 

influenced by the orientation of the emitter, the local electric field at the 

dipole position and the proximity to a metal layer.  The out  is also 

influenced not only by the device structure but also by the orientation of 

emitting dipoles so that the EQE must be modified as follows:13, 16   

 

/ ( ,  ,  ) ( ,  )EQE S T eff PL outq q                (4) 

 

where effq  is the effective quantum yield that describes the probability of 

radiative exciton decay in an optical cavity structure (i.e. Purcell effect17), 

which is generally depending on PLq , , and the geometric factor of the 

device () including the device structure and the location of the emission zone 

in the device. In a similar manner, out  is influenced by  and . The  value 
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is often assumed to be unity in state-of-the-art OLEDs, however, this value is 

not a constant but a fitting parameter in this study. With separately measured 

values of PLq  and , and using known information of the device structure, 

we can now calculate effq  and out , from a classical dipole model and then 

fit to the experimentally obtained EQE to extract . Therefore, we can exactly 

analyze the effect of the emitter orientation, the electrical loss as well as the 

device structure on EQE by fitting theoretically predicted EQE to 

experimental data. Details of the method for calculating out  were described 

elsewhere. 18-21 We assumed that the emission zone is located in the middle of 

the EML in OLEDs, which is a reasonable assumption for the device having a 

uniformly distributed profile of the emission zone such as the co-host system 

used here.22 

A schematic diagram of the device structure and the chemical structure 

of the materials used in this study are shown in Figure 5.1(a). The refractive 

indices of the organic layers, except for B3PYMPM, were measured by a 

spectroscopic ellipsometer.23 The refractive indices of B3PYMPM, glass 

substrate, ITO and metal are taken from literature.7, 24, 25 The refractive indices 

of the undoped co-host layer (TCTA:B3PYMPM, 1:1 molar ratio) measured 

by a spectroscopic ellipsometer are displayed in Figure 5.1(b). We ignored the 

modification of the optical constant by the doping of the phosphorescent dye 

molecules due to the low doping concentration (< 10%). The optical constants 

of the co-host system show strong anisotropy with an ordinary refractive 

index (no) of 1.8342 and an extra-ordinary refractive index (ne) of 1.6776 at 

the wavelength of 520 nm, respectively. The strong optical anisotropy 
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indicates that the host materials are horizontally oriented. The dipole 

orientation of the emitting dyes in the host matrix was determined from the 

analysis of the angle dependent PL spectrum of the EML using the classical 

dipole model.18, 26 The sample was prepared by co-depositing B3PYMPM, 

TCTA and Ir(ppy)2(acac) with the same molar ratio of the host materials and 8 

wt% of the dopant on a pre-cleaned 1 mm-thick fused silica substrate.The 

thickness of the film was 30 nm, which corresponds to the thickness of the 

EML in the OLED. A He-Cd laser (325 nm) was used as the excitation source 

of the sample and the p-polarized emitted light at 520 nm, corresponding to 

the peak wavelength of the PL spectrum of the phosphorescent dye, was 

detected. Details of the experimental method and the analysis are described in 

literature.27 In the simulation of the angle dependent PL spectrum, the optical 

anisotropy was accommodated in the model by using the effective refractive 

index as a function of the propagation direction of the p-polarized emitted 

light. The effective refractive index ( ) is defined as a function of the 

emission angle (θ) in the organic layer as follows: 

 

   (5) 

 

The effective refractive index of the organic layer for the p-polarized 

light changes from no to ne as the angle of emission varies from 0 to 90. The 

experimental data and the simulation results of the angle dependent PL 

spectrum of the 30 nm thick Ir(ppy)2(acac) doped TCTA:B3PYMPM film are  

effn

2 2
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shown in Figure 5.1(c). The experimental data are well fitted with the 

horizontal to vertical dipole ratio of 0.77:0.23, indicating that the emitter in 

the EML has more horizontally oriented dipoles than vertically oriented ones 

compared to the isotropic orientation and the result is consistent with the 

previous report.12  It is interesting to note that the  value is the same as that 

of Ir(MDQ)2(acac).10, 11, 27 

 

5.3. Results and discussion  

 

The device under investigation has a simple structure of glass/ITO (70 

nm)/TAPC (x nm)/TCTA (10 nm)/TCTA:B3PYMPM:Ir(ppy)2(acac) (1:1 of 

molar ratio and 8 wt.%) (30 nm)/B3PYMPM (40 nm)/Al (100 nm), where 

TAPC represents 1,1-bis(di-4-tolylaminophenyl)cyclohexane. The thickness 

of the TAPC layer was set as a parameter and varied from 40 to 100 nm.  

The current density−voltage−luminance (J−V−L) characteristics of the devices 

with different thicknesses of the TAPC layer are shown in Figure 5.2(a). The 

J−V characteristics of all the devices are not significantly different from each 

other especially in the low current region due to a high hole mobility of TAPC 

(~10-2 cm2/Vs).28 Thus, the difference in the efficiency of the OLEDs with 

different thicknesses of the TAPC layer originates mostly from an optical 

effect. The turn-on voltages of all the devices are identical at 2.4 V and the 

driving voltages of the devices are less than 3.9 V and 6.3 V for 1000 and 

10000 cd/m2, respectively. Maximum current efficiency and power efficiency 
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are 106 cd/A (60 nm-thick TAPC) and 127.3 lm/W (80 nm-thick TAPC), 

respectively (not shown). The EQE of the devices corrected with their 

emission patterns (inset of Figure 5.2(b)) are displayed in Figure 5.2(b). The 

maximum EQE of 30.2% was obtained with the 80 nm-thick TAPC layer. The 

EQE value is the highest one in bottom emitting green phosphorescent 

OLEDs based on an ITO electrode to our best knowledge. There is a paper 

reporting the EQE of 29.2% and 93 cd/A using the same emitter.29 

Unfortunately, the authors of that work did not take into account emitter 

orientation, which is obviously the key to achieve the high EQE.  The 

measured EQE values of the devices are plotted in Figure 5.2(c) against the 

thickness of the TAPC layer.  

Optical simulation of the EQE of the devices was performed using the 

experimentally obtained values of =0.94 and =0.770.02. The PL 

quantum yield was measured using an integrating sphere20, 30 and the sample 

of the 50 nm thick emitting layer (TCTA:B3PYMPM:Ir(ppy)2(acac), 1:1 of 

molar ratio and 8 wt.%) on a quartz substrate. The experimental results are 

very well described by the simulated results as shown in Figure 5.2(c) under 

the condition of =1, indicating that the electrical loss is indeed negligible. In 

other words, the injected electrons and holes into the EML of the OLEDs 

efficiently recombine to form excitons. The excellent match between the 

experimental and the simulation results clearly indicates that the optical 

simulation describes the maximum achievable EQE under the known values 

of and  when the device structure is optimized electrically and optically. 

This fact implies that we can predict the maximum EQE achievable with a 

PLq

PLq
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certain emitting dye in a host by just measuring and  on a neat film of 

the EML on glass without the need for fabrication of full OLED devices. 

Based on the idea, we extend the simulation to calculate the maximum 

achievable EQEs as functions of and . The corresponding simulation 

results are shown in Figure 5.3 as a contour plot. We used the structure shown 

in Fig.1a with the optimized thickness of the TAPC layer (75 nm) for the 

simulation. The maximum efficiency increases as and  approach 1 as 

expected. Surprisingly, a maximum EQE of 46% can be achieved in normal 

ITO based bottom emitting OLEDs without any extra outcoupling layers 

using a phosphorescent dye with =1 and  = 1. Practically over 40% 

EQE is possible with = 0.95 and  = 0.95. In contrast, the maximum 

EQE of the OLED with isotropically oriented phosphorescent dyes is much 

lower (~ 25%). 

 

5.4. Conclusions  

 

In summary, optical analysis of the high efficiency OLED showed that 

the phosphorescent dye Ir(ppy)2(acac) in the EML has a preferred horizontal 

dipole orientation (parallel to the substrate plane) to result in a maximum EQE 

of 30% under the condition of negligible electrical losses in the device. The 

prediction matches very well with the experimental value, suggesting that 

firstly the device has almost perfect electron-hole balance and the classical 

PLq

PLq

PLq

PLq

PLq
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dipole model used for the calculation of effq  and out  are valid for the 

analysis of the performance of OLEDs. The analysis indicates that the EQE of 

40% is possible in ITO based bottom emitting OLEDs without any extra light 

extraction layer 
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Chapter 6. Estimation of the mean emission zone 

in phosphorescent organic light-emitting diodes 

with a thin emitting layer 

 

6.1 Introduction 

 

The location of the emission zone (EZ) significantly influences the 

performance of organic light emitting diodes (OLEDs), such as their emission 

spectrum, internal and outcoupling efficiencies and stability1-3. Therefore, the 

direct observation or estimation of the position of the EZ is of great 

importance in terms of realizing high efficiency and high stability OLEDs. 

Various approaches have been made to estimate the EZ up to now. These 

include the analysis of the polarization of the electroluminescence (EL) 

spectra emitted from emitting polymer chains aligned vertically and in 

parallel4, and the comparison of the experimental and calculated EL spectra by 

assuming the distribution of EZ5, 6, or by a linear superposition of the 

calculated spectra at various positions inside the emitting polymer7. Most 

analyses were based on the principle of spectral change with the position of 

the emission zone in OLEDs by the interference effect and used polymeric 

LEDs with a thick emitting layer (EML) in the range of hundreds of 

nanometers where large EL spectral changes are observed due to the large 

shift of EZ. 

Recent high efficiency and low driving voltage OLEDs adopt thin EMLs 
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in the range of 10-30 nm by means of optimized material systems1, 8, 9, p-i-n 

structures 10-12, and microcavity structures.13 Estimating EZs in these devices 

is still important to analyze and optimize the device performance. 

Unfortunately, however, determination of EZs based on the change of 

emission spectra is difficult in these devices since the shapes of the EL spectra 

are almost identical, even though the EZ shifts throughout the EML due to the 

thin EML result in no significant difference in the interference effect. 

Therefore, EZs have been determined experimentally in most cases by 

inserting sensing layers of a fluorescent dye at various positions in OLEDs3, 14, 

15, but the additional layer modifies the charge transport within the device, 

resulting in an uncertainty of the EZs. Very recently, Young et al. 16 reported a 

method by using the linear superposition of the experimental EL spectra of the 

reference OLEDs with very thin EMLs located at different distances from the 

cathode to estimate the relevant EZ positions. However, this method still 

requires many experimental EL spectra of the reference OLEDs. Thus, a 

simple new simulation method without either significant electrical disturbance 

or vast experimental data is strongly required in order to determine the 

position of the EZs in OLEDs with a thin EML. 

In this chapter, we present a quantitative method to determine the EZ 

positions in high efficiency phosphorescent OLEDs with thin EMLs. We used 

two devices with different distances between the EML and the cathode (i.e. 

they are optically different) but exhibiting the same current density-voltage (J-

V) characteristics (i.e. they are electrically the same). Therefore, the optical 

interference effect can be independently monitored from the electrical effect 

and considered as a main parameter for the difference in device performances. 
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The EZ positions in the OLEDs were directly extracted from the comparison 

of the experimental luminous intensity ratio vs. the current density with the 

calculated intensity ratio vs. EZ position of the devices. 

 

6.2. Experiment and brief description about theoretical 

approach 

 

The OLEDs were fabricated on UV ozone-treated ITO substrates with 

the layer sequences of a 4 wt% rhenium oxide-doped N,N’-diphenyl-N,N’-

bis(1,1’-biphenyl)-4,4’-diamine (NPB) p-hole transporting layer (p-HTL) (80 

nm), undoped NPB HTL (20 nm), a double EML of 8 wt% Ir(ppy)3-doped 4-

4’-N,N’-dicarbazolylbiphenyl (CBP) (10 nm) and 8wt % Ir(ppy)3-doped 4,7-

diphenyl-1,10-phenanthroline (Bphen) (20 nm), undoped Bphen ETL (30 nm), 

15wt % rubidium carbonate-doped Bphen n-ETL (15 or 25 nm), and an Al 

cathode. Further detailed device structures with a possible energy level 

diagram are depicted in the inset of Figure 6.1. The current density-voltage-

luminance characteristics of the devices were measured by a Keithley 2400 

semiconductor parameter analyzer and a Photo Research PR-650 

spectrophotometer. All devices were encapsulated prior to the measurement. 

The dipole model in chapter 2 has been applied for the optical modeling of the 

OLEDs1, 17-21. Changes of the EL spectra and intensities with the position of 

the EZ within the devices were simulated under the assumptions of randomly 

oriented sheet dipoles in the layered structures. The position of the sheet 

dipole can be interpreted as the mean position of the emission zone. The  
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assumption of the sheet dipoles will be discussed later. The intrinsic quantum 

yield of the emissive material (q) was varied in the calculation. Even though 

the photoluminescence quantum yield of Ir(ppy)3 in CBP is close to 100% 20, 

22, the q can be reduced at high current density.23 The optical constants of all 

organic layers for optical modeling were measured by spectroscopic 

ellipsometry (Korea Research Institute of Standards and Science and see 

Appendix).  

 

6.3. Extraction of mean emission zone by comparing 

theoretically estimated intensity to experimental data 

 

Figure 6.1 shows the luminous efficiency-current density-voltage (L-J-V) 

characteristics of the OLEDs with two different n-ETL thicknesses. The J-V 

characteristics of the devices are almost identical between the devices in spite 

of the different thicknesses of the n-ETL, indicating that carrier movements 

(charge injection and transport) are very similar in both OLEDs independent 

of the n-ETL thickness due to the negligible Ohmic loss for electron injection 

and transport in the layer by n-doping24 and thus, the exciton formation and 

the position of EZs within the EML must be the same in both devices. In 

contrast, the L-J characteristics are apparently different for the two OLEDs. 

At the low current density region, the device with the 25 nm-thick n-ETL 

produces higher peak luminance efficiency than that of the device with the 15 

nm-thick-n-ETL, whereas the efficiency is reversed in the high current density 

region. Since the electrical characteristics of the devices are identical, the 
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difference in efficiencies between the devices originates from purely optical 

effects. Figure 6.2 exhibits the EL spectra of the OLEDs with two different n-

ETL thicknesses at a few different current densities. The EL spectra of the 

devices are almost the same and do not change significantly with current 

densities, indicating that determination of the location of the EZ is not 

possible based on the variation of the emission spectra. However EL intensity 

ratio varies significantly with increasing current density as expected from the 

efficiency-current density plots of the OLEDs in Figure 6.1. It is the intensity 

ratio that we are using to determine the EZ. It is possible because the only 

difference between the two devices is the distance between the EZ and the 

cathode, due to the different ETL thicknesses.  

The luminous intensities of the OLEDs are calculated for different EZ 

locations using classical electromagnetic theory. The relative luminous 

intensities and their intensity ratios are displayed in Figure 6.3 and in the inset 

of Figure 6.3, respectively, when q = 1. The EZ positions of “0” and “30” in 

the figure correspond to the interface of the EML/ETL and the HTL/EML, 

respectively. If the EZ position is located below 16 nm, the calculated 

luminous intensity of the 25 nm-thick n-ETL device is higher than the 15 nm-

thick n-ETL device, whereas the intensity is reversed for the EZ positions 

beyond 16 nm, similar to the L-J plots of the OLEDs in Figure 6.1. The 

similarity between them is apparent in the intensity ratios shown in the inset 

of Figure 6.3. The efficiency roll-off observed in Figure 6.1 does not appear in 

the calculated luminous intensity in Figure 6.3 because the annihilation of 

excitons was not considered in the calculation. By relating the experimentally 

obtained EL intensity ratio vs. the current density with the calculated EL  
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intensity ratio vs. the EZ location, we can now extract the EZ location vs. the 

current density, allowing the estimation of the movement of the EZ in the 

OLEDs with the current density. 

Figure 6.4 shows the variation of the obtained mean location of the EZ 

with the current density in the OLEDs with 30 nm-thick EMLs for different q 

values. We repeated the procedure displayed in Figure 6.4 for different values 

of q. The ratio of current efficiency could be fitted only when q is greater than 

0.65. When q is below 0.65, the average emission zone at high current density 

is positioned in the HTL, which is contradictory to the experimental results. 

The EL spectra show little emission from NPB even at the high current 

density of 30 mA/cm2 (not shown), indicating that the excitons are well 

confined in the EML even at high current densities. We believe this is due to 

our device geometry with the double EMLs and the p-i-n structure. The 

maximum deviation of the average emission zone is 3.3 nm at 30 mA/cm2 

while q varies from 1.0 to 0.65. These results indicate that our approach is 

adequate with an accuracy of 3 nm. 

The mean position of the EZ in the devices is located near the EML/ETL 

interface at low current densities and moves toward the HML/EML interface 

with increasing current density. The result is consistent with the experimental 

reports in a double EML OLED with a similar device structure.3 It is 

interesting to note that the EZ at low current density is located within the 

Ir(ppy)3 doped BPhen EML rather than at the 1st EML/2nd EML interface. 

Even with the energy barrier for hole injection from the CBP to the BPhen 

host, holes must be injected to the 2nd EML probably through the Ir(ppy)3 

dopants even at low electric field25. The EZ moves rather rapidly with  
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increasing the current density in the range of 1-5 mA/cm2. Further increment 

of the current density shifts the EZ further toward the HTL/EML interface but 

with a rather slower rate.  

The validity of our calculation on the profiles of the EZ in OLEDs with a 

thin EML can be obtained from the comparison of the calculated emission 

spectra with the experimental spectra shown in Figure 6.2. Excellent 

agreement in the EL spectra and the relative intensities between the simulated 

and measured EL data are observed. Even though the EZ is located within the 

EML up to 10,000 cd/m2, it does not necessarily mean that all the excitons are 

confined in the EML. Excitons in real OLEDs must be distributed with a 

certain dispersion around an average position rather than a delta function 

assumed in our calculation.3, 16 Therefore the EZ position in Figure 6.4 must 

be considered as the average position in the distribution, even though the 

excellent agreement of the calculated spectra with the experimental spectra 

indicates that the distribution is narrow in these devices. The fact that the roll-

off of the efficiency begins at a rather low current density of 1 mA/cm2 

supports the narrow distribution of excitons in positions resulting in a high 

likelihood of triplet-triplet annihilation.3 A recent paper revealed that the width of 

the exciton recombination zone of a PhOLED is in the range of 5 nm26. 

 

6.4. Summary 

 

We presented an approach to estimate the EZ positions in high efficiency 

phosphorescent OLEDs with thin EMLs. Two devices with different distances 



 

 113

between the emitting layer and the cathode (i.e. they were optically different), 

but exhibiting same current density-voltage characteristics (i.e. they were 

electrically the same) were used for the purpose. EZ positions in the OLEDs 

were extracted from the comparison of the experimental luminous intensity 

ratio vs. the current density with the calculated intensity ratio vs. the EZ 

position. The calculation showed that the EZ moves from the EML/ETL 

interface to the HTL/EML interface with increasing current densities in the 

dual EML OLEDs, but the entire EZ positions still exists inside the 30 nm-

thick EML even at 10000 cd/m2 mainly due to the exciton confinement 

effects. We believe that this simple approach can contribute to further 

understanding of exciton behavior related to the realization of high 

performance OLEDs and greater understanding of the internal efficiency. 
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Chapter 7. High contrast flexible organic light 

emitting diodes under ambient light without 

sacrificing luminous efficiency 

 

7.1 Introduction 
 

Top emission organic light emitting diodes (TOLEDs) are widely used in 

mobile displays for portable media players (PMPs) and smart phones. 

TOLEDs, which are composed of semi-transparent and thick counter metal 

electrodes, emit light not through a substrate but through a semi-transparent 

metal electrode. One of the limiting performances of TOLEDs is their 

visibility in high luminous environments. Organic light emitting diodes 

(OLEDs) are self-emitting devices so that the contrast ratio of the devices in a 

dark environment is in principle infinite. Unfortunately, in a luminous 

environment, ambient light significantly degrades the contrast ratio (CR) of 

OLEDs due to a strong reflection of ambient light by the reflective metal 

electrode of OLEDs. Therefore, suppressing the reflection from the OLEDs is 

a key technology required to fabricate high contrast TOLEDs. For this reason, 

commercial OLEDs use a circular polarizer (CP), which is composed of a 

quarter wavelength plate and a linear polarizer.1 The CP has sufficiently low 

reflectance (4 ~ 6%), is easy to apply and does not require any absorbing layer 

in the OLED. However, adoption of the CP in OLEDs has a few drawbacks.2 

Firstly, the output power of the OLEDs is reduced to less than half by the CPs, 

which is a critical disadvantage for fabricating high performance OLEDs. 



 

 118

Secondly, CPs are difficult to integrate in the conventional OLED fabrication 

process because the CP cannot be applied to the fabrication of OLEDs by 

evaporation or solution process methods. Moreover, CPs are generally thick, 

expensive and not very flexible. For these reasons, various approaches have 

been reported up to now to replace CPs. These techniques can be classified 

into four groups: insertion of an absorbing layer between the active layer and 

an electrode;3-6 use of low reflective multilayered structures (a so called ‘black 

electrode’);7-10 use of a low reflectance material as an electrode;11-13 and 

adoption of an anti-reflection (AR) coating.14,15 However, most of these 

methods either failed to get low enough luminous reflectance below 5%~6% 

or resulted in a large reduction of efficiency of over 40%. Most of the 

methods used absorptive materials in the devices to reduce the reflection of 

ambient light.  

Here we demonstrated a high contrast flexible TOLEDs with little 

reduction in efficiency by integrating a periodic dielectric-metal AR structure 

on the top semi-transparent cathode. By rigorous optical simulation, we 

designed the AR structure consisted of two component of very thin 

metal/dielectric layer and one dielectric layer. Cr and LiF were used as the 

thin metal and the phase change/phase compensation dielectric layers, 

respectively. The AR structure reduced reflectance of ambient light by 

combination of absorbed by thin metal layer and destructive interference by 

dielectric layer. Moreover, AR structure combined with semitransparent Ag 

cathode maintained high internal reflectance giving the microcavity effect to 

enhance light emission of OLEDs due to having a asymmetric reflectance for 

the inward (low reflectance) and outward (high reflectance) direction of the 
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OLEDs. So, we successfully demonstrated the high contrast top emission 

OLEDs having both a low enough luminous reflectance and little reduction of 

efficiency. This structure has several advantages over previously reported 

structures for a high contrast ratio under ambient light: (1) a low average 

luminous reflectance of 6% over the whole visible wavelength, (2) a high 

efficiency of nearly 90% of the original device without the AR structure 

corresponding to 1.75 times higher than the TOLED with a CP, (3) no 

deterioration of the electrical characteristics of the underlying TOLED since 

the AR structure is integrated on top of the TOLED (outside of the original 

TOLED) and the process temperature is low, (4) a weak viewing angle 

dependence, and (5) very the flexible with no change in efficiency after the 

10,000 times bending test with a bending radius of 0.7 cm. If proper materials 

are selected, the AR structure can be utilized for thin film encapsulation, 

which is very important technology for the realization of flexible OLEDs. 

 

7.2 Brief description about theoretical approach and 

experiment 

 

Our goal is to design and fabricate a TOLED with a high contrast ratio 

and a high external efficiency at the same time. The contrast ratio of OLEDs 

under ambient light is expressed as in the following equation:2 

 

 ( ) on L ambient

off L ambient

L R L
Contrast ratio CR

L R L





   (1) 
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where onL  and offL  are the luminance of on and off pixels of OLEDs, 

respectively, and ambientL  is the luminance of ambient light. LR  is the 

luminous reflectance of OLEDs defined as  
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    (2) 

 

where ( )V  is the spectral eye sensitivity and ( )R   is the reflectance at the 

surface of the OLEDs. ( )S   is the spectrum of ambient light. Eq. (1) 

indicates that LR  is the only parameter related to the device structure, while 

onL  and ambientL  are controlled by an operating condition.  

The schematic diagram of the device structures used for the simulation is 

displayed in Figure 7.1. The AR structure is a sandwiched or periodic 

structure consisted of thin metal and a dielectric layer. A thin metal reflect and 

absorb the incident light. A dielectric layer adjusts the phase of the reflected 

light. Therefore, AR structure reduced reflectance of ambient light by 

combination of absorbed by thin metal layer and destructive interference by 

dielectric layer. The role of each layer in AR structure is illustrated in Figure 

7.1(c). Most of all, absorptive thin metal layer is important to reduce 

reflectance of ambient light because it is not easy to maintain a constant phase  
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difference between reflection from any two layer in the thin film structure of 

OLEDs. In this reason, LiF and Cr were selected as the dielectric and thin 

metal layers to fabricate the dielectric-metal AR structure, since LiF shows a 

low refractive index with a small dispersion over the visible wavelength (n = 

1.4027 at 350 nm and n=1.3887 at 750 nm)20 and Cr possesses low reflectance 

and high absorption. Therefore, it is simply reduced reflectance by using one 

component of thicker metal (Cr) film and dielectric layer. If one component of 

metal/dielectric layer is used, however, thickness of metal layer should be 

increased to sufficiently reduced reflectance due to lowing interference effect 

of dielectric layer. Especially, emitted light from OLEDs are significantly 

absorbed by metal layer occurring low performance of OLEDs. Thus, it is 

necessary to reduced reflectance through cancelling the ambient light out by 

destructive interference rather than absorbed by metal films. By rigorous 

optical simulation, we determined the AR structure consisted of two 

component of very thin Cr/dielectric layer. The optical constants of all organic 

layers for optical modeling were measured using a spectroscopic ellipsometer 

(Woollam M2000D). The refractive indices of the metals including Al and Ag 

are referred to elsewhere.21 The green emitting TOLED structure without an 

AR was first optimized using classical electromagnetic theory and then the 

AR structure was optimized to have a low LR  and a high luminous 

efficiency without modifying the already optimized TOLED. The transfer 

matrix method was used to calculate the reflectance spectra and LR .16 A 

standard light source, D65, was selected as the ambient light source to 

calculate LR . Changes of the electroluminescence (EL) spectra and relative 
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luminance with the varying AR structures were also simulated using classical 

electromagnetic theory under the assumptions of randomly oriented sheet 

dipoles in the layered structures. 17-19 The relative luminance of AR-TOLEDs 

for various thicknesses of the dielectric layers (i.e. x, y, and z in Figure 7.1(b)) 

are normalized by the luminance of the optimized reference devices (i.e. 

Figure 7.1(a)). The thickness of the dielectric layers giving the maximum 

relative luminance can be extracted from the simulation under a fixed LR . By 

repeating the calculation for different LR , we were able to obtain the 

information on the optimum device structure to get maximum luminance 

under a certain LR . The calculation results are displayed in Figure 7.2 where 

corresponding x, y and z values are displayed in parentheses by the data 

points. The thickness of the Cr layers was fixed at 3 nm in the calculation. 

Thickness of Cr layer were varied from one to 10 nm because absorption of 

Cr layer is larger than 50% at 550 nm if thickness of Cr layer is 10 nm or 

more. If the thickness of Cr is larger than 5 nm, LR  can be extremely 

reduced as 1% but relative luminance of OLEDs also significantly decreased 

as 10% compared with control device. As a result, two component of thin Cr 

(3nm)/dielectric layer give a sufficiently low RL and high light 

emission/luminous efficiencies. The achievable maximum luminance ratio 

linearly increases with LR . The AR structure with (x, y, z)=(60 nm, 142.5 nm, 

112.5 nm) results in a maximum relative luminance of 78% when RL is 7%. 

The TOLEDs were fabricated on Al pre-coated (70 nm) glass substrates 

by successively depositing an 8 wt% rhenium oxide (ReO3)-doped 1,l-Bis((di-  
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4-toly1amino)phenyl)cyclohexane (TAPC) p-hole transporting layer (p-HTL) 

(52 nm), undoped TAPC HTL (15 nm), an emitting layer (EML) of 1 wt% 

green fluorescent dye C545T-doped tris(8-hydroxyquinoline)aluminum (Alq3) 

(20 nm), an undoped Alq3 electron transporting layer (ETL) (24 nm), and LiF 

(1nm)/Al (1nm) as an injection contact between ETL and semi-transparent Ag 

(15 nm) cathode. The device structure is the optimized one for TOLEDs. After 

the fabrication of TOLEDs, the AR structure was deposited on the semi-

transparent cathode composed of two periodic LiF/Cr layers and one LiF layer 

as the phase compensate layer. The thicknesses of the LiF layers were varied 

(x, y and z in Figure 7.1) while the thicknesses of the Cr layers were fixed to 3 

nm. The LiF and Cr layers were deposited by thermal evaporation without 

breaking the vacuum. The current density-voltage-luminance (J-V-L) 

characteristics of the devices were measured by a Keithley 2400 source meter 

and a Photo Research PR-650 spectrophotometer. The reflectance spectra of 

all devices were measured by a Cary 5000 UV-Vis-NIR spectrophotometer. 

All devices were encapsulated prior to the measurement except for measuring 

reflectance. 

 

7.3 Results and discussions 

 

Three different types of TOLEDs were fabricated for comparison: a 

control device without the AR structure (Figure. 7.1(a)), an AR-TOLED 

(Figure. 7.1(b)), and a TOLED with a CP film. The AR-TOLED has layer 

thicknesses of x=60 nm, y=142.5 nm, and z=112.5 nm, respectively. The CP 
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film was simply attached on to the encapsulation glass of the TOLED. The 

reflection spectra of the TOLEDs are displayed in Figure 7.3(a). The 

photographs of the TOLEDs are also shown in Figure 7.3(b), 3(c), and 3(d) 

for the control device, the TOLED with a CP, and the AR-TOLED, 

respectively. The experimental reflectance spectra of the control TOLED and 

the AR-TOLED agrees very well with the simulated spectra. The control 

TOLED has one reflectance minimum at 553 nm, showing a typical spectrum 

of a Fabry-Perot interferometer.22 The control device shows a large reflectance 

close to 80 ~ 90% at the red and blue color parts of the spectrum. In contrast, 

the AR-TOLED shows a much lower reflectance below 10% in the 

wavelength range between 450 and 650 nm. The reflection spectrum 

resembles a typical metal-dielectric band pass filter, exhibiting asymmetric 

reflectance.[23] The luminous reflectance of the control TOLED, the AR-

TOLED, and the CP-TOLED are 40.8%, 6.0%, and 4.4%, respectively, which 

were calculated from the experimental spectra using equation 2. The luminous 

reflectance of the AR-TOLED is almost one seventh of the control TOLED, 

and comparable with the CP-TOLED. Even though the luminous reflectance 

of the AR-TOLED is a little higher than that of the CP-OLED, the higher 

efficiency of the AR-OLED enables getting a higher CR than the CP-OLED 

with lower power consumption. To characterize the asymmetric reflectance of 

our electrode structure, the reflectance and transmittance spectra of the AR 

cathode structure are simulated and are shown in Figure 7.3(e). The inset of 

Figure 7.3(e) shows the schematic diagram of the AR cathode structure used 

for the simulation. Figure 7.3(e) clearly displays that the reflectance of the AR 

cathode is much higher in the outward direction than in the inward direction  
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in the entire visible range. Therefore, a strong microcavity effect inside of the 

AR-TOLED is maintained and it is expected that the AR-TOLED shows a 

high luminous efficiency, even though it has an LR  value similar to the CP-

TOLED. This asymmetric reflectance constructed by metal/dielectric multi-

layered system is very powerful to realize an efficient opto-electronic device 

such as semi-transparent organic photovoltaic cells due to ease modulating 

optical properties of device. 24 The current density-voltage (J-V) 

characteristics of the devices are identical while their luminance are different 

from each other, as shown in Figure 7.4(a). These results indicate that the 

fabrication procedure of the AR structure does not cause any damage to the 

underlying TOLED. Therefore, the differences in luminance output among the 

devices originate from purely optical effects. The luminous efficiency of the 

devices are plotted as a function of the current density in Figure 7.4(b). The 

luminous efficiencies of all the devices were almost constant up to 10,000 

cd/m2 in the normal direction with little roll-off. The control device without 

the AR structure or the CP shows theefficiency of 14 cd/A and red-shifted 

spectrum compared with photoluminescence (PL), indicating that the device 

structure is optically optimized for the top emisstion structure.25 The AR-

TOLED exhibits a luminous efficiency of 12.1 cd/A corresponding to 86.4% 

of the control device, while the CP-TOLED shows a luminous efficiency of 

6.8 cd/m2 corresponding to 49.3% of the control device. AR-TOLEDs achieve 

an enhancement by a factor of 1.75 compared with the CP-TOLED. Moreover, 

the enhancement was achieved with only a little modification of the 

electroluminescence spectrum of the control device, as shown in Figure 7.4(c).  
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The normalized EL spectra of all devices did not change with the current 

density (not shown) and their spectra (the peak of EL spectrum for each 

device is at 532 nm) are a little red-shifted from the PL spectrum of C545T 

due to the optical microcavity effect. The AR-TOLED shows a slightly narrow 

EL spectrum coming from a higher internal reflectance (outward direction in 

the inset of Figure 7.3(e)) in the cathode side than seen in the control device 

due to the AR structure (50.0% for the AR-TOLED, and 40.3% for the control 

TOLED at 532 nm). In the single Ag layer, there are only two interfaces to 

reflect incident light. Thus, transmitted light does not reflected back to inside 

OLEDs. In contrast of single Ag layer, transmitted light from thin Ag layer are 

multiply reflected by interface of thin Cr and dielectric layer. Thus, the more 

reflected light at the interface of thin metal/dielectric layer, the larger internal 

reflectance. This is the reason why the AR-TOLED shows a very high 

efficiency compared with the CP-TOLED, although the AR layer is directly 

integrated on the cathode. The direct integration of the AR structure on 

TOLEDs allows for easy fabrication of flexible TOLEDs. We have fabricated 

an AR-TOLED on a plastic substrate to demonstrate the feasibility. 

Polyethylenenaphthalate (PEN film, Teonex® made by Teijin-Dupont Film 

Japan Ltd.) was used as the substrate and the device structure and fabrication 

procedure are the same as for a device on a glass substrate. To test the 

durability of the flexible AR-TOLED under mechanical stress, the J-V-L 

characteristics of the flexible AR-TOLED were measured at every 2,500 

bending cycles up to 10,000 times. A homemade bending tester shown in the 

inset of Figure 7.5(a) was used for the experiment (a moving picture is in 

Supporting information). The bending radius and rate were about 0.7 cm and  
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67 revolutions/min, respectively. The J-V-L characteristics of the device 

before and after the bending tests are displayed in Figure 7.5(a), exhibiting 

only small changes even after the 10,000 bending cycles. The luminous 

efficiency was unaffected with the bending cycles, as shown in Figure 7.5(b). 

The driving voltage marginally increased by less than 1 volt at a luminance of 

1000 cd/m2. Figure 7.5(a) and 5(b) clearly demonstrate that our AR structure 

is sufficiently durable to be applied to a flexible device, and the processing 

temperature of the AR structure is low enough not to deteriorate the device 

characteristics. 

 

7.4 Summary 

 

We demonstrated a polarizer free high contrast flexible TOLED with 

only a little reduction of efficiency by employing a periodic dielectric-metal 

AR structure integrated on the top semi-transparent cathode. Cr and LiF were 

used as the thin metal and the phase change/phase compensation layer, 

respectively. Since the AR structure is integrated on top of the TOLEDs 

(outside of the original TOLEDs) and the process temperature is low, no 

deterioration of the electrical characteristics of the underlying organic device 

took place. The flexible AR-TOLED showed a sufficiently low luminous 

reflectance (6%), high efficiency (86% of the TOLED without the AR 

structure, 1.75 times higher than the CP-TOLED) and extremely high 

durability upon repeated bending up to 10,000 times for the bending radius of 

0.7 cm. Further enhancement is expected if the AR structure is fully optimized 
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through experiments.  
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Chapter 8. Optical analysis of organic 

photovoltaic cells incorporating graphene as a 

transparent electrode 

 

8.1 Introduction 

 

The flexibility of organic based optoelectronics is one of the most 

important parameters for manufacturing a light weight, wearable and cheap 

device. Many challenges still remain to realize flexible devices and the 

realization of transparent electrodes (TEs) is one of the most critical issues in 

this field. Indium-Tin-Oxide (ITO), the most commonly used transparent 

conducting electrode, is difficult to use as an electrode for large area flexible 

optoelectronic devices, because ITO is brittle and easily generates cracks 

under bending stress.1, 2 Moreover, the use of ITO is a major factor in rising 

costs, due to a depletion of Indium resources. For these reasons, graphene has 

received great attention as a potential replacement for ITO. Graphene is a 

material possessing high conductivity, high charge mobility and high 

transmittance (~97.7% per monolayer) in the entire visible range.3-5 

Furthermore, graphene shows a high stretchability as well as chemical and 

thermal stability.3, 6 Thus, graphene has been applied to various optoelectronic 

devices.3, 6-26 In OPVs, exfoliation or solution processible functionalized 

graphene and chemically (or thermally) reduced graphene oxide (rGO) has 

been used as a transparent electrode or injection buffer layer between the 
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organic layer and the ITO electrode.15, 17, 18, 21, 25, 26 However, OPVs based on 

these graphenes have shown low efficiency compared to ITO based OPVs up 

to now, because of structural defects in the graphene sheet, imperfection of the 

contact between different graphene layers, and oxidative traps resulting in a 

low conductance (~ several k  )10, 12, 25 Large area and low sheet resistance 

graphene sheets can be obtained by chemical vapor deposition (CVD) on the 

metal surface.27 By the CVD method, several groups have reported high 

performance OPVs, which are comparable to the ITO based OPVs.19, 22 

Although the OPVs with a graphene electrode showed performances 

comparable to ITO based OPVs, the potential of graphene as a transparent 

electrode for OPVs has not been analyzed yet. Their performance is still 

questionable and challengeable. More importantly, nobody has reported on the 

possibility that OPVs with a graphene electrode would show superior 

performance compared to ITO based OPVs. Therefore, it is necessary to 

reveal the potential of graphene TEs through the theoretical analysis of OPVs 

with graphene electrodes. 

In this chapter, we theoretically analyzed the potential of graphene as the 

anode in OPVs by using the transfer matrix method coupled with the exciton 

diffusion equation and compared it with ITO based devices. Both planar 

heterojunction (PHJ-OPV) and bulk heterojunction OPVs (BHJ-OPVs) were 

used for the analysis. We selected boron-sub-phthalocyanine (SubPc) and 

copper phthalocyanine (CuPc) as visible absorbers and lead phthalocyanine 

(PbPc) as a red to near IR absorber to cover the wide spectral range in PHJ-

OPVs. C60 was used as an acceptor, which absorbs light from UV to the 
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visible wavelength range. The P3HT:PCBM (poly (3-hexylthiophene):phenyl-

C61-butyric acid methyl ester) and PCPDTBT:PC70BM ((poly[2,6-(4,4-bis-(2-

ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)]:[6,6]-phenyl-C71-butyric acid methyl ester) system were 

selected for the analysis of the BHJ-OPV. The analyses demonstrated that the 

absorption efficiency of the OPVs based on the graphene electrode can be 

much larger than the ITO based OPVs with the same sheet resistance for the 

entire wavelength. This is due to the absence of the reflective loss and the 

high transmittance of the incident light by the few-layer thick graphene layer. 

As a result, the optimum Jsc values of graphene based OPVs are much higher 

than ITO based OPVs for the entire wavelength range. 

 

8.2 Brief description of the method used for the optical 

analysis of graphene based OPVs 

 

PHJ and BHJ OPVs were analyzed. The PHJ-OPVs used for the 

calculation have a layered structure consisting of a thick reflective cathode 

(aluminum), organic layers consisting of donor, acceptor and 2,9-dimethyl-

4,7-diphenyl-1,10-phenanthroline (BCP) layers, a transparent electrode layer 

and semi-infinite glass, as shown in Figure 8.1(a). For direct comparison, 

graphene and ITO were used as the transparent anode. SubPc and CuPc were 

selected as the donor materials for the visible light spectrum absorber and 

PbPc for the red to near IR absorber, respectively, and fullerene (i.e C60) for 

absorbing UV-blue light was selected as the acceptor material, for a resulting 
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large coverage of the illuminated light source. The thickness of the BCP layer 

was fixed at 10 nm. In the BHJ-OPVs, the P3HT:PCBM and 

PCPDTBT:PC70BM systems were selected for the analysis as the visible and 

visible to near IR absorber, respectively. Poly (3, 4-ethylenedioxythiophene)–

polystyrene sulfonic acid (PEDOT:PSS) was used as a hole injection and 

transport layer between the anode and polymer blends. The device structure 

for BHJ-OPVs is illustrated in Figure 8.1(a). The molecular structures and 

extinction coefficients (i.e. absorption spectra) of the donor, acceptor and 

polymer blends are displayed in Figure 8.1(b) and 8.1(c), respectively.  

The electric fields, absorption in each layer, and short circuit current 

density ( scJ ) of OPVs with graphene and ITO electrodes, respectively, are 

calculated using the transfer matrix method coupled with the diffusion 

equation to analyze the performance of graphene electrode.28, 29 In detail, the 

absorption of the illuminated light at a certain position and wavelength is 

given by 

 

2

0 ,
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( , )

2abs j xQ x c E     (1) 

 

where ( , )absQ x   is the absorption of light at the position ( x ) in the thj  

layer and at the wavelength ( ). c , o ,   and   are the speed of light, 

the dielectric constant in free space, the absorption coefficient (
4
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 , 

where k is the imaginary part of the refractive index of the thj layer), and 
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the real part of the refractive index of the medium, respectively. ,j xE  is the 

electric field at the position ( x ) of the thj layer, which is calculated by the 

transfer matrix method. Based on Eq. (1), the absorption ratio is also given by 
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where oE  is the electric field of the incident light in free space. Thus, the 

denominator of Eq. (2) is the incident power of the solar spectrum at  . 

Lastly, the total absorption ratio (or absorption efficiency) of the thj layer, j, 

can be calculated by integrating Eq. (2) for position ( x ) and wavelength, 

which is given by 
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where jd  is the thickness of the thj layer. ( )oI   is the irradiance of the 

solar spectrum at the wavelength . The scJ  values of the OPVs are 

calculated by solving the steady-state exciton diffusion equation under 

following assumptions.28 (1) All absorbed photons generate excitons (i.e. the 

exciton generation efficiency is 100%). 
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(2) All excitons reaching the donor/acceptor interface are completely 

dissociated and the charges are collected at the electrodes. (3) The exciton 

dissociation or recombination at the other organic/organic interfaces does not 

occur. The exciton diffusion length (LD) of SubPc, CuPc and C60 used for the 

calculation are 7.4, 9.9 and 14.4 nm, respectively, which were determined by 

fitting the measured external quantum efficiency spectrum for ITO based 

OPVs.28 The thickness dependent LD value of PbPc was determined from a 

reference because the LD value of PbPc depends on its crystallinity and 

growth conditions.29 The AM1.5G solar spectrum (100 mW/cm−2) was used 

for the calculation. The complex refractive indices (RI) of graphene and the 

organic and polymer materials were obtained from the reported literature.29-

3531-37 The optical constants of glass, ITO and Al were also obtained from the 

literature.36, 37 In the optical modeling, the thickness of the multilayered 

graphene is assumed to be monont , where n is the number of monolayers and 

tmono is the thickness of the graphene monolayer (0.335 nm).31 The optical 

constants of the graphene are assumed to be independent of the number of 

monolayers, and the dependence on the fabrication condition of the graphene 

layer is ignored. 

 

8.3 Results and discussion 

 

8.3.1 Absorption efficiency of OPVs based on graphene and ITO 

electrodes 
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Up to several monolayers, graphene does not reflect the incident light.38 

Therefore, the optical performance of OPVs with a graphene electrode must 

be affected by the absorption of the incident light by the graphene layer. To 

investigate the thickness dependent absorption of the graphene electrode, the 

absorption ratio (i.e. Eq. (2)) of the illuminated light as a function of 

wavelength and position (i.e. the distance from the graphene/glass interface) 

were calculated, and the results are described in Figure 8.2(a) and 2(b) for 4 

(1.34 nm) and 10 (3.35 nm) monolayers of graphene, respectively, in the 

SubPc/C60 based PHJ-OPV. In this calculation, the thicknesses of SubPc and 

C60 were fixed at 10.0 and 32.5 nm, respectively, corresponding to the 

thicknesses giving the highest Jsc values for both thicknesses in the optical 

simulation. Figure 8.2(a) and 2(b) show that the graphene electrodes absorb 

light in the entire visible range due to the high extinction coefficient of the 

graphene film (1.42 at 550 nm, which is about 60 times higher than that of 

ITO (0.024 at 550 nm)). The 10 monolayer graphene shows about a two times 

higher absorbance than the 4 monolayer graphene electrode. However, the 

absorption in the active layers (i.e SubPc and C60 layers) does not decrease 

significantly by increasing the thickness of the graphene electrode up to 10 

monolayers, even with increasing absorption due to increasing thickness, as 

shown in Figure 8.2(c), where the absorption ratio by the composed layers and 

the reflection ratio from the device (i.e. non-absorbed light) are displayed. The 

total absorption ratio in the graphene layer gradually increases with increases 

in the thickness of the graphene layer up to 10 monolayers. The total 

absorption ratio of 4 and 10 monolayers of graphene layer are 12.8% and 
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26.9%, respectively. In contrast, the total absorption ratio of the SubPc/C60 

layers is reduced by a much lesser amount than the increase in the absorption 

(49.8% for 4 monolayers, 43.5% for 10 monolayers, respectively). The facts 

resulted from no interference effect for a very thin graphene layer, giving an 

extremely low reflective loss by graphene electrode. As a result, the non-

absorbed light is gradually decreased with an increasing number of graphene 

layers (26.4% for graphene with 4 monolayers, 20% for graphene with 10 

monolayers), which results in the compensation of a loss by the absorption of 

the graphene electrode.  

The total absorption ratio for ITO based OPVs is displayed in Figure 

8.2(d) to enable comparison with the graphene based OPVs. The thicknesses 

of SubPc and C60 were fixed at 12 and 35 nm in the devices, respectively, 

corresponding to the thicknesses giving the highest Jsc in the optical 

simulation, and the thickness of the ITO electrode was varied from 10 to 300 

nm. The 300 nm thick ITO electrode shows a similar absorption ratio with the 

10-monolayer graphene electrode (27% and 30% for 10 monolayers of 

graphene and 300 nm thick ITO, respectively) although the thickness of the 

graphene layer is about 100 times thinner than the ITO. However the portion 

of the reflected light in the ITO based OPVs is significantly larger than the 

graphene based OPVs due to the interference effect resulting from the high 

refractive index of ITO. Because of the lower reflective loss in the graphene 

based OPVs, the graphene based OLEDs will give a higher absorption 

efficiency than the ITO based OPVs when the graphene and ITO electrodes 

have thicknesses with almost same electrode absorption.  
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For instance, the 100 nm thick ITO based OPV shows that 12.2% of the 

total power is absorbed by the electrode, 45.4% by the active layers, and the 

rest, 32.6%, is reflected. However, the OPV with the 4 monolayer graphene 

electrode, which has a similar absorption of 12.8%, by itself shows 50.0% 

absorption by the active layers and 26.4% reflection, respectively. The 

difference in the reflective loss between the electrodes is simply added to the 

total absorption of the active layers in the graphene based OPV. Therefore we 

can expect that graphene based OPVs will give a higher short circuit current 

density than the ITO based OPVs. This is an important point to note in 

interpreting theJ-V characteristics of graphene based OPVs compared to ITO 

based devices, which will be described in the next section. 

 

8.3.2 Comparison of Jsc between the graphene and ITO based OPVs – 

Planar heterojunction (PHJ) OPVs 

 

To investigate the optical performance of graphene based PHJ-OPVs, the 

optimum Jsc ( ,sc optJ ) of the OPVs having three different donor/acceptor 

systems of SubPc/C60, CuPc/C60 and PbPc/C60 were simulated using the 

method described in the section 2. Here the ,sc optJ  symbol refers to the 

maximum 
scJ under the fixed thickness of the transparent electrodes, which 

can be obtained from the simulation by varying the thicknesses of the donor 

and acceptor layers independently, up to 50 nm. The LD values of SubPc, 

CuPc and C60 used for the calculation are 7.4, 9.9 and 14.4 nm, respectively. 

Difficulties arise for the simulation of the PbPc/C60 device because the PbPc 
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layer grown on the ITO shows different molecular orientations, refractive 

indices and LD values for different thicknesses. However our recent study 

showed that the PbPc layer grown on a templating layer shows an increased 

absorption at around the 900 nm wavelength and a broad absorption spectrum 

even though the thickness of the PbPc layer is sufficiently thin (~ 20 nm).39 

Based on the results, we used the refractive index and the LD (12 nm) 

corresponding to the 60 nm thick PbPc layer in Reference 29.  

The calculation results of the ,sc optJ  value of the graphene and ITO 

based OPVs are depicted in Figure 8.3(a) and 3(b) as functions of the number 

of the graphene layers and the ITO thickness, respectively. The simulation 

results show that the ,sc optJ  values of the graphene based OPVs are 

gradually decreased with an increasing number of graphene monolayers, from 

5.91 mA/cm2 (one layer) to 4.65 mA/cm2 (10 layers) for the SubPc/C60 device, 

from 5.17 mA/cm2 (one layer) to 4.10 mA/cm2 (10 layers) for the CuPc/C60 

device, and from 13.4 mA/cm2 (one layer) to 11.1 mA/cm2 (10 layers) for the 

PbPc/C60 device, respectively. In contrast, the 
scJ  values for the ITO based 

OPVs show a sinusoidal variation with the thickness of ITO, from 4.41 

mA/cm2 (300 nm of ITO) to 5.16 mA/cm2 (120 nm of ITO) for SubPc/C60, 

from 3.75 mA/cm2 (300 nm of ITO) to 4.51 mA/cm2 (40 nm of ITO) for 

CuPc/C60, and from 10.5 mA/cm2 (300 nm of ITO) to 12.8 mA/cm2 (40 nm of 

ITO) for PbPc/C60, respectively. The results clearly demonstrate that the 

,sc optJ  values of the graphene based OPVs are significantly enhanced 

compared to the ITO based OPV. These results originate from the fact that the 

reflected loss of incident light for the graphene electrode is much smaller than 
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that of the ITO electrode, as described in Sec. 7.3.1. The other point one 

should note is that even though the ,sc optJ  value of the ITO based OPVs with 

the CuPc/C60 and PbPc/C60 active layers is maximum at the ITO thickness of 

40 nm, this is not practical to use as an anode due to its high sheet 

resistance.40 Thus, the maximum ,sc optJ  value of the ITO based OPVs with 

CuPc/C60 should be considered as 4.33 mA/cm2 and 11.63 mA/cm2 at 170 nm. 

Therefore, it would be more informative to compare the maximum achievable

scJ  against the sheet resistance of the electrodes, because the sheet resistance 

which can affect the charge collection efficiency is an important parameter.41 

Recalling Eq. (1) in chapter 4, the sheet resistance of graphene was calculated 

using the following equation again;10 

 

  
2

1
s

D

R
N

         (4) 

 

where
sR  is the sheet resistance, 

2D is the bidimensional conductivity 

described by n e  where n,  and e are the density of the charge carrier, the 

mobility of the carrier and the unit charge, respectively, and N  is the 

number of graphene monolayers. 
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A limiting value for the mobility and carrier density of 42.0 10  

cm2/Vsec and 123.4 10n   /cm3 was used for the calculation of the sheet 

resistance of graphene.7, 10 The experimental data of the sheet resistance for 

various thicknesses of the ITO was obtained from the literature.42 To achieve 

a sheet resistance of 10 /  , only 3.35 nm of graphene (for 42.0 10    

cm2/Vsec and 123.4 10n   /cm3) are needed while the thickness of the ITO 

should be larger than 250 nm. Thus, 
,sc optJ  in Figure 8.3(a) and 3(b) can be 

rearranged as a function of the sheet resistance, and they are shown in Figure 

8.4(a), 4(b) and 4(c) for the SubPc/C60, CuPc/C60 and PbPc/C60 systems, 

respectively. The ,sc optJ  values of the graphene based OPVs show much 

higher values than that of the ITO based OPVs in the entire range of the sheet 

resistance. From a practical point of view, 150 nm thick ITO is most widely 

used as the anode in organic OPVs where their sheet resistance becomes 

around 20 /  . A thicker ITO layer can reduce the sheet resistance further, 

however, this is at the expense of the transmittance, and a resulting higher 

cost should be also considered. The ,sc optJ  values of SubPc/C60, CuPc/C60, 

and PbPc/C60 OPVs with a 150 nm thick ITO layer are 5.01 mA/cm2, 4.31 

mA/cm2 and 11.6 mA/cm2, respectively. The ,sc optJ  values of the graphene 

based OPVs having a similar sheet resistance (22.9 /  for 4 monolayers) 

are about 5.43 mA/cm2 (for SubPc/C60), 4.77 mA/cm2 (for CuPc/C60), and 

12.6 mA/cm2 (for PbPc/C60), indicating that the graphene based OPVs can 

achieve 7-10% higher Jsc values than the ITO based OPVs. 
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One can also notice that the transmittance of graphene, having a similar sheet 

resistance as 150 nm thick ITO, is about 90%, which is much higher than that 

of 150 nm thick ITO (with a transmittance of about 80%).  

 

8.3.3 Comparison of Jsc between the graphene and ITO based OPVs – 

Bulk heterojunction (BHJ) OPVs 

 

Interpenetrating networks of donor and acceptor materials are formed in 

BHJ-OPVs for the excitons to reach to the donor acceptor interface within the 

exciton diffusion length. Therefore, well fabricated BHJ-OPVs can harvest all 

the excitons formed by the absorption of light to electrons and holes. 

Therefore, in BHJ-OPVs, the total number of absorbed photons (TNAPs) in 

the devices is adequate to describe the optical performance of BHJ-OPVs. The 

TNAPs is simply calculated by a modification of Eq. (3), as follows; 

 

2

1 0

( )
( , )

jd
o

j

I
TNAPs Q x dxd

hv





    
     

(5)
 

 

where h and v are the Planck constant and the frequency of incident light, 

respectively. In our simulation, the thickness of polymer blends was varied up 

to 300 nm. For simplification, the thickness of PEDOT:PSS was fixed at 50 

nm for P3HT:PCBM, and at 25 nm for PCPDTBT:PC70BM, as reported in the 

literature.35,36 The calculation results of the optimum TNAPs are illustrated in 

Figure 8.5(a) and 5(b). Again, the optimum TNAPs of the graphene based 

OPVs showed higher values than that of the ITO based OPVs in the entire 
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range of the sheet resistance. The optimum TNAPs of P3HT:PCBM and 

PCPDTBT:PC70BM devices with a 150 nm thick ITO layer are 7.70×1016 

and 15.6×1016 s-1cm-2, respectively. In contrast, the optimum TNAPs of the 

BHJ-OPVs with 4 monolayers of graphene are 8.15×1016 and 16.2×1016 s-1cm-

2, respectively, which are about 5% higher than the ITO based devices.  

 

8.4 Conclusion 

 

In this chapter, we theoretically analyzed the optical performance of OPVs 

with graphene as the anode in the PHJ and BHJ-OPVs by using the transfer 

matrix method coupled with the exciton diffusion equation and compared 

them with ITO based devices. We demonstrated that the graphene based 

OPVs can achieve higher Jsc values in PHJ OPVs and TNAPs in BHJ OPVs 

than the ITO based OPVs due to the lower reflective loss of incident light by 

the graphene electrode, which can not only compensate for the higher 

absorption of the graphene electrode than the ITO electrode with the same 

sheet resistance, but also increase the absorption by the active layers. The 

thinness and flexibility of the graphene electrode combined with the potential 

for higher performance OPVs using the material as transparent electrodes 

clearly demonstrate its potential to replace ITO in OPVs which require a large 

area.     
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Appendix 

 

A1. Transfer matrix method to calculate reflection and 

transmission coefficient in multi-layer structure1 

 

Fresnel coefficient for the stratified medium consisting of two or three 

layers is simply calculated by simple form. In multi-layered system consisting 

of more than three layers, however, complexity of analytical form is 

dramatically increased. Many different approaches are possible to obtain the 

reflection and transmission coefficient of the electromagnetic field. One of the 

elegant approaches for multilayer structures is to employ transfer matrix 

methods. Stratified structures with isotropic and homogeneous media and 

parallel-plane interfaces can be described by 2 by 2 matrices. A plane wave 

incident from left at a general multilayer structure having m layers between 

ambient and substrate (semi-infinite layer). This structure is described in 

Figure A1. Each layer j has thickness dj and complex refractive index 

, which has a refractive index dispersion (i.e.  is as a function 

of λ of incident light). The electromagnetic fields (E) at any position in the jth 

layer in the system can be divided by two component of propagation in 

positive x (  and negative x (  direction, respectively. An 

interface matrix (i.e. matrix of refraction in the interface) describes each 

interface in the structure: 
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jk  and ju  are wave vector of jth layer and in-plane component of jk . The 

layer matrix (or phase matrix) is described as follows; 

 

0

0

o j j

o j j

ik l d

j ik l d

e
L

e





 
  
  

   (A4) 

 

where, 2
ok 

  is free space wave vector. And o j jk l d  is the layer phase 

thickness corresponding to the phase change that the wave feels as it traverses 

jth layer. By using the interface matrix and phase matrix of Eq. (A1) and (A4), 

the total system transfer matrix S, which relates the electric fields at ambient 

side and substrate side by 
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and S can be rewritten as; 
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     (A6) 

 

In substrate (m+1th layer), the electric fields traveling negative x direction is 

no propagation. Therefore, 1 0mE
   is considered in this case. Based in Eq. 

(A5), the Fresnel coefficient of reflection and transmission can be written by 
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           (A7) 

 

By using Eq. (A7), the reflection and transmission coefficient for general 

multilayered structure can be calculated. 
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A2. Calculation of the radiated power through optically 

thick or incoherent substrate 

 

In many case, glass substrate is assume to be semi-infinite layer due to  

>> λ. (  is the thickness of glass substrate) Thus, the reflected light 

from upper and lower interface in this layer is not possible to dealing coherent, 

so phase of these light does not considered properly1,2. In this reason, many 

study using optical simulation assumed glass substrate to semi-infinite layer, 

which the multiple reflection and transmission inside of glass substrate was 

ignored. To reflect real situation, the fraction of power radiated in a far-fields 

medium (i.e. air) with refractive index of n0 (n0 < norg, norg is refractive index 

of organic layer) should be derived by considering multiple reflectance and 

transmittance in the incoherent layer (i.e glass substrate). Accordingly, the 

outcoupled power into the air from dipole is calculated as: 

 

, ,

,
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, ,
/ /

( ) = ( )

( )
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TE TM TE TM
air air glass sub glass

TE TM
air glass glassTE TM
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P
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  (A8) 

 

where, ( )air airP   is radiated power emitted to the air at the angle of 

emission in the air ( air ) and , TE TM
glassP  is emitted power from dipole to glass 

substrate at angle of emission in the glass ( glass ) corresponding to each 

polarization  (TE or TM polarization). ,TE TM
subT  is the overall transmittance 
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as considering multiple reflectance and transmittance in the incoherent layer, 

,
/

TE TM
air glassT  is transmittance at the interface between glass and air, 

, ,
/ / and TE TM TE TM

air galss glass OLEDstackR R  are reflectance at the interface corresponding to 

glass/air and glass/OLED stack underneath glass substrate, respectively. And 

the incident angle in glass substrate ( glass ) relates on the emission angle of 

air ( air ), which is as following; 

 

arcsin( sin( ))

(0 )

air glass glass

glass crit

n 

 



 
  (A9) 

 

References 

(1) P. Peumans, A. Yakimov and S.R. Forest, “Small molecular weight organic 

thin-film photodetectors and solar cells”, Journal of Applied Physics, Vol. 93, 

p. 3693 (2003) 

(2) M. Furno, R. Meerheim, S. Hofmann, B. Lussem, and K. Leo, “Efficiency 

and rate of spontaneous emission in organic electroluminescent devices”, 

Physical Review B, Vol. 85, 115205 (2012) 

  



 

 165

 
초    록 

 
본 학위 논문은, OLED 및 OPV를 광학 수치모사를 통하여, 소자의 

광학특성 (OLED에서, 광 방출효율, 소자 내부의 광분포, 발광 

영역의 위치 및 방출 스펙트럼, 각도에 대한 방출 모양 등, OPV의 

경우 단락 전류 및 외부양자효율)을 해석 하였다. 본 논문은 다음의 

2 부분으로 구성 하였다; (1) OLED의 광학특성 해석 및 이의 

응용(1장부터 7장)  (2) OPV의 광학특성 해석에 관한 

연구(8장)로 구성된다. 

제1장에서는 OLED소자의 구동원리를 간략하게 서술하였고, 본 

학위논문에서 다루고자 하는 내용을 정리하였다. 제2장에서는 

OLED의 광학 수치모사 연구에 사용한 CPS 모델의 소개 및 이를 

통한 광 방출 효율, 광학모드 계산 및 외부양자효율을 계산하는 

방법을 소개하였다. CPS 모델은 발광 층에서 형성된 엑시톤에 의한 

빛의 발광을 쌍극자의 진동에 의한 전자기파의 방출로 설명한다. 

유기물의 다층구조로 구성된 OLED내부에 위치한 쌍극자에 의하여 

방출된 전자기파가 소자 내에 형성된 여러 광학모드로 전파되는 

전자기파의 양을 계산함으로써, 광방출 효율뿐만 아니라, 소자 

내부에 갇히거나, 흡수되는 빛의 양을 결정할 수 있다. 

제3장에는 CPS모델을 이용하여, ITO 두께에 따른, 청색 및 녹색 

인광소자에서 이론적으로 얻을 수 있는 광방출 효율의 최대값을 

예측하였다. 청색 및 녹색 인광 발광 층으로, 많이 연구된, 

iridium(III) bis[(4,6-difluorophenyl)pyridinato-N,C2’ ]picolinate (Firpic)이 

도핑된 N,N′-dicarbazolyl-3,5-benzene (mCP)을, fac-tris(2-phenylpyridine) 
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iridium (Ir(ppy)3) 가 도핑된 N,N′-dicarbazolyl-4-4′-biphenyl (CBP)를 

사용하였다. 광방출 효율을 계산하기 위하여, ITO 두께와 더불어, 

유기물 층의 두께, 방출위치를 변수로 하였다. 특히 ITO의 두께 

변화에 관한 광방출 효율의 변화는 청색인광소자의 경우 27%, 

녹색인광소자의 경우 30%의 광 방출효율을 얻을 수 있음을 

예측하였다. 기존에 알려진 광 방출효율은 20%를 넘어서는 결과로, 

인광소자의 외부양자효율이 20%이상 가능 함을 예측하였다.  

OLED에서 가장 많이 사용하는 전극물질로 ITO를 들 수 있다. 

그러나, 기계적 특성이 좋지 않아 대면적 유연소자에 적용하기 

어려운 문제가 있다. 최근 탄소의 2차원 배열로 이루어진 그라핀의 

우수한 열적, 화학적, 기계적 특성을 이용하여, ITO를 대체하려는 

연구가 진행되어 왔다. 제4장에서는, ITO를 대체할 차세대 

투명전극으로 각광을 받고 있는 그라핀을 양극에 적용한 녹색 

OLED의 광방출 효율을 예측하였다. 매우 얇은 두께로 인한 내부 

가간섭효과의 감소로 인하여, ITO소자의 성능 대비 낮은 광방출 

효율(<25%)을 예측하였다. 

제5장에서는, 30%의 외부양자효율을 보이는 고효율 소자에서, 

발광층에 형성하는 쌍극자 중, 수평배향을 갖는 쌍극자에 의한 

광방출 효율 향상이 높은 외부양자효율에 기여함을 보였다. 

발광층의 배향 및 절대발광효율을 변수로 하여 광방출 효율을, 

전하균형지수를 적용하여 외부발광효율을 유추하였다. 본 연구에서 

사용한 OLED의 발광층인 4, 4′, 4 ″-Tri (N-carbazolyl) triphenylamine 

[TCTA] : bis-4,6-(3,5-di-3-pyridylphenyl)-2-methylpyrimi-dine 

[B3PYMPM]의 공동 호스트에 8 wt%의 bis(2-

phenylpyridine)iridium(III)-acetylacetonate [Ir(ppy)2(acac)]가 도핑 된 
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유기물 층의 배향을 각도 별 PL 분석으로 쌍극자의 수평배향 

성분과 수직배향 성분의 비율이 0.77 : 0.23 임을 보였다. 이는 

일반적으로 많이 사용하는 Ir(ppy)3가 등방성(isotropic, 

0.67:0.33))으로 알려져 있음을 고려할 때, 수평방향 성분의 

비율이 큼을 알 수 있다. 쌍극자 배향 비율 및 발광층의 

절대발광효율(94%)을 이용하여, 발광층이 등방성일 때 (25%) 대비, 

실험적으로 얻을 수 있는 외부양자효율이 30%에 도달함을 

예측하였다. 이를 실제 소자 외부양자효율과 비교하여 이론적인 

예측이 정확함을 검증하였다. 더 나아가, 발광층의 배향 및 

절대발광효율을 알면, 실험을 하지 않고도 외부양자효율을 유추할 

수 있는 가능성을 보였으며, 완전 수평배향 및 100% 절대발광 

효율을 가정하였을 때, 이론적으로 얻을 수 있는 외부양자효율이 

46%가 됨을 유추하였다. 

제6장에서는 얇은 발광층을 갖는 OLED의 발광영역을 유추하는 

방법을 소개하였다. 발광영역을 유추하는 일은 소자의 발광 

스펙트럼, 광방출 효율 및 소자의 전기적 기능을 유추하는 데에 

매우 유용하다. 본 장에서는, 정공수송 층의 두께가 다른 두 소자를 

만들고 전류에 따른 발광효율 및 발광세기를 측정한 후, 이를 

발광영역을 변수로 하여 수치모사를 한 후 실험에서 측정한 값과 

비교하는 방법을 사용하였다. 이에 대한 검증으로 측정된 

스펙트럼과 이론으로 예측한 스펙트럼을 비교하여 위의 방법으로 

예측한 발광분포가 타당함을 보였다. 

제7장에서는 OLED 위에 외광 반사를 대폭 줄일 목적으로, 유전 

층과 얇은 금속 층을 교차 적층한 구조를 상부 전극 위에 형성하여 

고 명암비를 달성한 소자를 설계 및 제작하였다. 광학 수치모사를 
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통하여, 내부 방출 광량의 흡수 및 외광 반사를 최소화하는 최적의 

구조를 설계하여 대조군 대비 87%에 해당하는 발광효율 및 6%의 

낮은 시감반사율을 달성하였다. 이는 기존의 원편광필름 (5% 

시감반사율)을 적용한 소자와 비교하였을 때, 비슷한 수준의 

반사도와 더불어 1.76배의 소자 효율 상승을 보였다. 이를 

유연기판에 적용한 OLED로 구성하여, 기계적 특성이 우수함을 

시연하였다. 

제8장에선, 그라핀을 양극으로 사용한 유기태양전지의 단락전류 및 

외부양자효율을 예측한 결과를 ITO 전극을 사용한 소자와 

비교하였다. 이를 위하여. 전하 공여층 및 수용층의 2층형 OPV에서, 

전달행렬법을 적용하여 내부 전자기파를 계산하여 활성 층에서 

생성되는 여기자의 양을 계산하고 이를 여기자의 확산식에 

연계하여 소자의 단락전류 및 외부양자효율을 계산 하는 방법을 

소개하였다. 또한 고분자 OPV에도 적용하여 활성층의 흡수 

광자수를 계산하여 두 소자의 성능을 비교하였다. 그라핀을 사용한 

소자가 ITO대비 5 ~ 10%의 성능향상이 있음을 보고하였다.  

 

주요어 : 광학 수치 모사, CPS 모델, 전달행렬법, OLEDs, OPVs  
 
학  번 : 2005-30219 
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