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Light extraction is critical to the efficiency of organic light-emitting diodes 

(OLEDs). Because of the internal reflection, only 20~30% of generated light in OLEDs is 

emitted across the top interface and detected by observers. The balance is controlled 

by the refractive indices of each side of the interface and the angle at which light is 

incident upon the interface. In particularly, the generated light in OLEDs is dominated by 

three different modes: air mode, substrate mode, waveguide mode because of the 

presence of two interfaces of air (n=1)-substrate (n=1.52) and substrate (n=1.52)/indium 

tin oxide (ITO) (n=1.8).     

To enhance the light extraction efficiency in OLEDs, intensive amount of studies 

and researches has been followed. The air/glass interface in OLEDs may be modified 

using microlens arrays, sand-blasting, or light scattering films, which can extract the 

substrate mode by a factor of 2. For waveguide mode extraction, the light extraction 

technique called corrugated structures can be utilized. Therefore, increase of light 

extraction based on the corrugated structures in OLEDs is focus of this research. 

Corrugated structures with quasi-periodic patterns were created on fluorescent 

green OLEDs. The effects of a peak periodicity of 0.5 and 1 um was both measured 
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experimentally and predicted by model. The smaller periodicity of 0.5 um was found to 

give 35% higher in extraction efficiency. To quantify the effects of internal reflection, 

materials with different indices were chosen for the substrate, for examples, glass 

(n=1.52) and sapphire (n=1.76). And this results in external quantum efficiency (EQE) of 

63% in OLEDs using both corrugated structure and macro lens. Finally, we 

demonstrated an EQE of 67% by adding lithium fluoride (LiF) layer with refractive index 

of 1.39 between glass and ITO layers by increasing of the refractive index contrast for 

diffraction mechanism. Proper choice of materials with refractive index in corrugated 

OLEDs can increase the light extraction efficiency by a factor of more than 2. 

 

.  
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CHAPTER 1 
INTRODUCTION 

1.1 General Development of OLEDs 

OLEDs have been rapidly developed since Tang and VanSlyke introduced green 

OLED with high brightness.[1] The structure of OLED is organic bilayer of 8-

hydroxyquinoline aluminum (Alq3) as electron transfer layer (ETL) /emitting layer (EML) 

and an aromatic diamine as hole transport layer (HTL) sandwiched by transparent ITO 

anode and reflecting alloyed metal cathode comprised of magnesium (Mg) and silver 

(Ag) that injects holes and electrons respectively. Such noble OLED can operate at high 

brightness, which can meet the requirement for display and lighting applications. 

Unfortunately, poor injection property from the electrodes led to the high operating 

voltage for the brightness of 1000 cd/m2, which is standard reference for display 

applications, resulting in undesirable high power consumption and very short lifetime of 

the OLED. In 1997, Hung et al. put forward much improved injection property for the 

OLEDs using a bilayer cathode that consist of very thin 1~2 nm thick lithium fluoride (LiF) 

layer adjacent to a ETL and aluminum, resulting in low operating voltage at high 

brightness.[2] This improved injection property is attributed to reduced energetic barrier 

between ETL and cathode, almost like forming Ohmic contact, that can inject the charge 

carrier much better. And similar effort at the other side to reduce the barrier between 

anode and HTL was demonstrated that simple ultra-violet ozone (UVO) treatment on 

pre-coated ITO on the glass substrate can facilitate the hole injection better.[3, 4] The 

UVO treatment plays an important role to increase work function of ITO by removing 

carbon contaminants on the ITO surface and simultaneously leaving a tin-deficient and 

oxygen-rich surface. Another well-known treatment regarding on hole injection property 
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is to insert poly(3,4-ethylenedioxythiophene):poly(4-styrenesulphonate) (PEDOT:PSS) 

layer developed by BAYER AG Corp. between anode and HTL.[5-7] The high work 

function and hole mobility of PEDOT:PSS is credited for improved injection behavior. 

1.2 Development for Internal Quantum Efficiency in OLEDs 

 Although such efforts pushed OLED further steps close to commercialization, 

the poor efficiency of device performance was remained as challenge. The parameter to 

directly influence the efficiency was the fraction of radiative excitons formed through the 

recombination of electrons and holes. According to quantum electronic spin statistics, 

excitons can be categorized into two states of singlet and triplet with generation ratio of 

1:3. The contribution to generate photon is only from singlet exciton relaxation as known 

as fluorescence, while another radiative transition from triplet excitons to the ground 

state, as known as phosphorescence, is forbidden due to disallowed spin configuration 

by Pauli exclude principle. Meanwhile, the energy of triplet is attenuated by non-

radiative transition, which eventually generates unwanted heat that can degrade organic 

materials.[8] Thus, such limited efficiency of OLED cannot exceed more than 25% in 

internal quantum efficiency (IQE) which is the ratio of the number of photon generated 

to the number of electron injected. Fortunately, Baldo et al. suggested that using 

phosphorescent organic emitters enable to achieve 100% of IQE from both singlet and 

triplet.[9] Such forbidden transition from triplet can be allowed by spin-orbit coupling due 

to presence of heavy metal components like platinum (Pt) and iridium (Ir) in emitting 

small molecule compounds.[10-15]  

1.3 The Role of Total Internal Reflection in Bottom-Emission OLEDs 

In the view of efficiency of how to utilize the generated photon, only 20~30% of 

total generated photon can be exploited in conventional bottom-emitting OLED structure 
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as shown in Figure 1-1B.[13, 16-18] Since the OLED structures consist of transparent 

electrode, organic layers, bottom metallic electrode, and glass substrate, the TIR due to 

refractive index mismatch between air (n=1), glass (n=1.52), ITO/organic layers 

(n=1.7~2) allows only 20~30% of the generated photon inside of OLED to be 

outcoupled into air, as shown in Figure 1-2. The rest of significant amount of 70~80% 

generated photons are confined and trapped in substrate (substrate mode) and 

ITO/organic layer (waveguide mode), accordingly. 

Obviously the outcoupling efficiency is highly influenced by the configuration of 

the OLED structure. Top-emitting OLEDs, as shown in Figure 1-1A, can be a solution 

since generated light will only experience the TIR at the interface between air and 

transparent electrode. However, physical damage on soft organic layers by sputtering 

top transparent ITO is quiet severe, which makes such configuration unfavorable.[19] 

Although using thin and transparent metal layer to replace the damage-inducing ITO 

was suggested, both comparable transparency and proper energy alignment of such 

electrode with organic layer for injection is difficult to be satisfied.[20] Thus, bottom-

emitting OLED configuration has been utilized as conventional OLED structure since 

transparent conducting ITO can easily offer excellent transmittance in visible 

wavelength and also inject charge carrier to adjacent organic layer with ideal Ohmic 

contact.  

  

17 
 



 
 

 
Figure 1-1. Basic OLED configurations; A) Top-emitting, B) Bottom-emitting  
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Figure 1-2. Total internal reflection and three allowed optical modes in OLEDs 
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CHAPTER 2 
PARAMETERS TO DETERMINE THE EFFICIENCY OF OLEDS 

2.1 OLED Operation 

The operating principle of light emission from OLEDs is recombination of injected 

holes and electrons from each their electrode. Once electrons and holes meet and are 

bound by columbic force, excitons are formed. These excitions with excited states lose 

their energy by emitting the light. Figure 2-1 shows well-known bilayer structure of 

OLED with flat band condition described by electronic energy band diagram. Once 

forward voltage is applied at onset bias in the OLED, hole carriers are injected into HTL 

like (N,N’-bis(naphthalene-1-yl)-N,N′-bis-(phenyl)benzidine) (NPB) from a anode like ITO, 

while electron carriers are also injected into ETL like tris-(8-hydroxyquinoline)-aluminum 

(Alq3) from a cathode like Al.  Eventually, these both carriers form excitons at an 

emitting molecule, Alq3, which leads to emission of photons in OLEDs.  

To understand how effectively such photon generation happens, we shall 

understand the measure of efficiency of OLED, which is external quantum efficiency.[21]  

2.2 Quantum Efficiency 

2.2.1 External Quantum Efficiency (ηext) 

External quantum efficiency (EQE) is defined as the number of photons emitted 

through the front face of the device per the number of injected electrons. It can be also 

written as 

,int phext ηηη =                                            (2-1) 

where ηext  is the external quantum efficiency, ηint is the internal quantum efficiency, and 

ηph is the outcoupling efficiency. ηint indicates how photons are generated by injected 
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electrons. And ηph is a fraction of light that eventually escapes the structure and 

contribute to useful light source from total generated photons inside OLEDs. 

2.2.2 Internal Quantum Efficiency (ηint) 

Internal quantum efficiency (IQE) is defined as the number of photon generated 

per the number of electron injected and expressed as Equation 2-2, which is 

.int pexφγηη =      (2-2)  

Those three major parameters; γ the charge balance factor, ηex the radiative 

transition, and φp the photoluminescence quantum yield, determine the internal quantum 

efficiency. 

2.2.2.1 Charge balance (γ) 

The charge balance factor is a ratio between injected hole and electron carriers. 

Excitons are formed by the recombination of hole and electron carriers. To form 

excitons with 100% efficiency, it is required same number of injected electron and hole 

carriers. In order to achieve the ideal γ in OLEDs, injection characteristics of OLEDs are 

very important. By forming Ohmic contact at electrode/organic interfaces, the injection 

of carriers can’t be limited. For anode side, ITO is the commonly-used anode for 

injecting the hole carriers. By using UVO treatment, Chlorinated ITO, very thin MoOx, 

HAT-CN, or PEDOT:PSS, the ideal injection at the organic/anode interface can be 

achieved.[6, 22-28] For cathode, using alloyed metal like Mg:Ag was introduced earlier for 

the ideal electron injection.[1] However, the strong oxidation of Mg degrades the OLED 

very quickly. To replace such sensitive metallic cathode, the bilayer electrode consisting 

of Al and a nanometer-thin LiF was introduced with ideal injection efficiency and 

enhanced stability of OLEDs.[2] 

21 
 



 
 

2.2.2.2 Radiative transition (ηex) 

The radiative transition ratio is defined by the fraction of the excitons which lead 

to radiative path. Once injected electron-hole pairs recombine and become excitions, 

the formed excitons can be categorized into singlet and triplet excitons due to their 

quantum electronic spin status. And the generation ratios of singlet and triplet are 1:3, 

as calculated by quantum spin-statistics.[29] For fluorescent emitters, only singlet 

excitons can decay as emission transition, while the radiative transition from triplet state 

to the ground state is forbidden due to the incoherent spin status, resulting in that the 

ηex for fluorescence is only 25% of total number of generated excitons. However, for 

phosphorescent emitters, both singlet and triplet excitons are able to follow radiative 

decay transition, which leads to 100% of ηex. Organic molecules consisting of heavy 

metal element like Ir, Pt, or Ru can use spin-orbit coupling, making the disallowed 

radiative transition from triplet excitons possible.[9, 10, 13, 30] Furthermore, according to 

Adachi’s discovery, the utilization of 100% radiative transition from fluorescent emitter 

can be realized through thermally activated delayed fluorescent mechanism. [31] 

2.2.2.3 Photoluminescence quantum yield (φp) 

Photoluminescence (PL) quantum yield is a measure of photophysical property of 

illuminating materials. Generally speaking, it is the ratio of the number of emitted 

photons per the number of absorbed photons. As shown in Figure 2-2, the formed 

excitons decay eventually occurs by radiative or non-radiative transition.  As reported, 

the novel phosphorescent emitter, for example, Ir(ppy)3 was found with the PL quantum 

yield close to 100%, implying that all generated excitons are losing their energy by 

emission process.[32, 33] In general, the PL quantum yield is highly sensitive to 

concentration of exciton.[34, 35] Thus, doping of such ‘guest’ materials at which the 
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excitons form into ‘host’ materials with efficient energy transfer property between the 

guest and host can eliminate such problem.[35, 36] 

2.2.3 Outcoupling efficiency (ηph) 

The outcoupling efficiency is defined as the number of photons emitted through 

the front surface of substrate per the number of photons generated within the devices. 

To a first degree approximation, the outcoupling efficiency ηph is given by Equation 2-3  

,2/1 2nph =η       (2-3) 

where phη  is the refractive index of medium where emission occurs. Using refractive 

index of typical organic materials (n=1.7~1.9), the efficiency drops dramatically to ~20%. 

Although self-absorbing of organic layers and absorption by metal cathode contributes 

as power loss inside of OLED stacks, the TIR originated from mismatch of refractive 

indices at two major interfaces in OLEDs, which are air (n=1)/glass (1=52) interface and 

glass (n=1.52)/ITO (n=1.7~1.9) interface, play a most significant role for the limited 

outcoupling efficiency in OLEDs 

As depicted in Figure 1-2, once light is generated, it spontaneously emits in all 

the directions and propagates via three allowed modes: air mode, substrate mode, and 

waveguide mode due to the TIR. For the generated light with incident angles larger than 

critical angle, 20~30% of emitted light is trapped inside the glass substrate (substrate 

mode) and 40~60% of light is guided by high-index organic/ITO layers (waveguide 

mode). All the factors that determine the EQE can obtain each value close to unity, but 

outcoupling efficiency can’t. Thus, outcoupling efficiency factor is now considered as 

most challenge part in OLED efficiency.  
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Figure 2-1. Schematic energy band diagram with OLED consisted of well-known 

NPB/Alq3 bilayer structure  

 

  

24 
 



 
 

 
Figure 2-2. Schematic process of excitation, radiation, and non-radiation process and 

definition of PL quantum yield.  
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CHAPTER 3 
REVIEW OF LIGHT EXTRACTION TECHNIQUES IN OLEDS 

As addressed previously in Chapter 2, the most limiting factor for OLED 

efficiency is the outcoupling efficiency. Since the TIR is inevitably present at two major 

interfaces: air/glass and glass/ITO, the maximum outcoupling efficiency is only 20~30% 

in typical bottom-emitting OLED configuration. In order to recover those 70~80% of 

optical power loss in OLEDs, various and innovative approaches have been introduced.  

First, the light extraction techniques aimed to  the outcoupling of the substrate 

mode, the light confined inside of glass substrate, will be discussed. Second, the 

introduction and working principle of light extraction techniques for the waveguide mode, 

the light confined and guided inside of high-index (n=1.7~1.9) ITO/organic layers, will be 

followed. 

3.1 Light Extraction Techniques for Substrate Mode 

For substrate mode, the photon generated in the high-index organic layers 

escapes with the incident angle less than the critical angle induced by the ITO/glass 

substrate but is eventually confined inside of the substrate since the incident angle of 

the escaped photon is still larger than another critical angle introduced by air/glass 

interface. Thus, 20~30% of generated photon is trapped and guided inside of the 

substrate. To utilize the lost fraction of light trapped as the substrate mode, the 

modification of the interface at air/glass can extract such trapped light into air by 

eliminating the TIR at the air/glass interface. 

3.1.1 Microlens Array 

By forming array of well-ordered hemispherical-like lens having micrometer size 

on the back side of glass substrate as shown in Figure 3-1A and B, the light that is 
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originally trapped in the glass substrate can escape into air. Since entering all the light 

to the lens/air interface will have the normal incident angle, such trapped photons do not 

suffer the TIR at the interface any more, making substrate mode extractable. Moller et al. 

has introduced the array of ordered microlens on the back side of glass substrate with 

an efficiency enhancement factor of 1.5 for OLEDs.[37] According to Eom et al., it can be 

improved further by optimizing the contact angle between the lens and the surface.[38, 39] 

It was confirmed that using the array of 10-µm-diameter microlens with the contact 

angle of 85 degree enhanced the OLED efficiency 70% more compared to that without 

the microlens array.  

3.1.2 External Scattering Layer 

As another approach for the substrate mode extraction, the texturing on the air-

glass interface can extract the substrate mode by light scattering as illustrated in Figure 

3-2A. Cheng et al. demonstrated the meshed scattering layer can diffuse the trapped 

substrate mode, resulting in the enhancement of 46% in outcoupling efficiency.[40] 

Figure 3-2B shows the light scattering layer made of poly(dimethyl siloxane) (PDMS). 

Self-organized porous anodic aluminum oxide is utilized for scattering pattern via 

electrochemical process.[41] And Figure 3-3C shows the photo image of the external 

layer applied on the glass substrate with the strong scattering effect using relatively 

simple fabrication process.[42] The outcoupled light with incident angle greater than the 

critical angle induced at the air/glass interface mainly contributed to such enhancement 

factor proving that the light that would trap in the substrate mode was successfully 

coupled out by the scattering layer. However, it should be also pointed out that the 

scattering phenomenon occurs also negatively on the light that would escape the 
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interface (air mode), making full extraction of both air mode and substrate modes 

difficult.  

3.1.3 Sand-Blasting 

The working principle of sand-blasting technique is the light scattering as same as the 

external scattering layer. Instead of applying such functional layer through additional 

fabrication process, sand-blasting technique creates the scattering centers by directly 

roughening the glass substrate.[43-45]. And Figure 3-3A shows the optical microscope 

image of the surface of glass treated by the sand-blasting. OLEDs using the treated 

glass substrate shows blurred emission, indicating the strong light scattering of both air 

mode and substrate mode as shown in Figure 3-3C. Chen et al. suggested that 

additional roughening on the edge of the glass substrate can even increase ~10% more 

of light extraction in forward direction, as shown in Figure 3-3B.[43] Thus, the sand-

blasting on both edge and surface of the glass substrate was found total 20% enhanced 

light extraction efficiency. Although the enhancement is not large enough to extract 

substrate mode out effectively, relative simple and low-cost process can be employed 

for such as OLED lighting applications  

3.2 Light Extraction Techniques for Waveguide Mode 

For the waveguide mode, a significant amount of the 40~60% photons are 

confined and guided inside of the high-index ITO and organic layers. Since the total 

thickness of the high-index ITO and organic layers is 300 ~ 400 nm, only selective 

optical modes can be excited: these include thin-film and surface plasmon (SP) modes. 

The thin-film guided mode, or ITO/organic mode, is trapped and guided by the 

ITO/glass interface due to the mismatch of refractive indices between them. When the 

photons or electrons in the high-index dielectric media are incident upon the metal layer 
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consisted of a density of free electrons on its surface, surface plasmon polaritons (SPPs) 

in the forms of electromagnetic waves propagating along the dielectric/metal interface 

can be excited. Because the OLEDs consist of organic and metal layers, the condition 

for excitation of SP mode by the incidence of generated photons can be satisfied. The 

in-plane components of wave vectors of the SP mode are different than those of a 

photon at the same frequency in vacuum. Thus, the energy can’t be coupled into the 

radiation process, but will eventually be dissipated to the metal layer, resulting in an 

increase in the operational temperature of the device.  

Unlike the substrate mode light extraction techniques, which are applied on the 

backside of the substrate where the OLED operation is not affected, the light 

outcoupling methods involved to engineer the ITO/glass interface can cause electrical 

perturbation of OLEDs. This makes the waveguide mode extraction more difficult. 

Fortunately, light extraction techniques satisfying such complicated requirement have 

been introduced. Here, the light extraction methods for the waveguide mode will be 

introduced and discussed in detail. 

3.2.1 Internal Scattering Layer 

The internal scattering layer is normally placed between the substrate and 

transparent oxide electrode, ITO, in order to recover the light trapped in the ITO/organic 

layer. In contrary to methods for extracting substrate mode, this method regarding to the 

waveguide mode extraction is required to take into account on the aspect of OLED 

fabrication and operation in addition to the light extraction ability, because the location 

of such functional layers affect also the electrical properties of the ITO and organic 

active layer directly. Chang and co-workers demonstrated the internal scatter layer 

comprised of nanocomposite materials, which is based on relatively simple solution 
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process and resulted in two-fold enhancement in optical outcoupling efficiency.[46] Also, 

the introduced external layer is as flat as ITO layer, indicating that the electrical property 

of OLEDs is hardly altered. It was also reported that the smooth scattering layers were 

made by spin-coating of the mixture of 25/250nm sizeTiO2 nanoparticles (NPs) (n=2.6) 

and relatively low-refractive-index photoresist (n=1.5).[47] Since the 25 nm-NPs are too 

small to interact with the emission wavelength of OLEDs (400~700 nm in visible range 

of emission wavelength), it mainly works for controlling the refractive index and 

flattening the film surface as shown in Figure 3-4. On the other side, the 250nm-NPs are 

very strong light scattering centers in that mixture. Thus, by balancing the ratio, they 

were able to fabricate such scattering layers with refractive index similar to the ITO layer, 

so that more light can easily enter to the scatter layer and the entered light will 

experience strong scattering effect, resulting in two times higher in light output than one 

without the scattering layer. However, this technique is only targeting to the thin-film 

guided mode by controlling the ITO/glass interface. Thus, the SP mode induced by the 

organic/metal interface remains still as significant optical power loss channel.  

3.2.2 Low-Index Grid 

Forrest group first introduced the way to extracting waveguide mode by 

embedding low-index grids (LIG) between the ITO and organic layers, as illustrated in 

Figure 3-5A.[48] The light that would be trapped and guided as the waveguide mode will 

enter the low-index region and be re-directed toward the substrate normal. In addition, 

the LIG does not affect the light that originally escapes to the substrate. The role of 

refractive index of the LIG plays an important parameter on the re-directed light. The 

lower the index, the higher incident angle light can be refracted and propagated into the 

substrate normal, eventually into air mode. According to their following work, the 
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efficiency was further enhanced up to 2.3 times using the OLED with ultra-low-index 

grid (n=1.10~1.15) than one without the grid (see Figure 3-5B).[49] Figure 3-5C presents 

SEM images of the ultra-low index grid made of porous SiO2 by glancing-angle vapor 

deposition.[50, 51] Such low refractive index of the LIG is contributed by the very small 

size of the pore size in the range of ~10nm. Furthermore, it does not distort the original 

emission spectrum since the width of the grid is not in the range of the wavelength of 

emitting light so that the interference with respect to the low-index materials can’t occur. 

However, the micro-size patterning process for the LIG is not that simple and also not 

applicable for large-area application, which makes this approach not practical for 

general lighting applications 

3.2.3 High-Refractive-Index Substrate 

The relatively low refractive index of the conventional glass substrate (n=1.52) 

consequently become the boundary that confine the waveguide mode in the high 

refractive index layers of ITO/organic. Fortunately, the effort to replace it with high-

refractive-index substrate (n>1.7) has been followed.[52-54] Leo group successfully 

demonstrated the OLED fabricated on such high-refractive-index sapphire substrate, 

resulting in disappearance of the thin-film guided mode.[54] The fraction of energy lost to 

the thin-film guide mode is now transferred to the substrate mode. By using the 

substrate mode extractor, they demonstrated the peak 45% EQE from red emitting 

phosphorescent iridium(III)bis[_2-methyldibenzo-(f, h)quinoxaline](acetylacetonate)  

[Ir(MDQ)2(acac)]-based OLEDs, which is consistent with simulated result, as shown in 

Figure 3-6. However, the strong loss by the SP mode, corresponding 20~30% of 

generated power, due to interaction between free electrons on the metal surface and 

electromagnetic field generated by OLEDs, remain as absolute efficiency loss channel. 
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To minimize the loss by the SP mode, by placing the emitting zone away from the metal 

layer, the intensity of SP mode exponentially drops while the EQE of the OLEDs 

increased further up to 55% with the substrate mode. However, from the aspect of 

fabrication cost for the high-index substrate, it is much more expensive than 

conventional glass substrate.  

3.2.4 Photonic Crystal  

Photonic crystal (PC) structures consist of emission-wavelength-scale periodic 

modulation between high- and low-index-refractive materials. In that way, light 

propagating in lateral direction like the waveguide mode in the PC structure can’t be 

allowed, instead will be diffracted out of the structure due to the formation of photonic 

band gap, a range of frequencies in which the propagation of light is forbidden. And 

Figure 3-7A and B show SEM image and schematic configuration of the PC structure. In 

2003, Lee et al. first introduced the PC structure within Alq3-based green fluorescent 

OLEDs with efficiency enhancement factor of 1.5.[55] The PC used in this work consisted 

of SiNx (n=1.9) and glass (n=1.50) and were fabricated between glass and ITO. Another 

approach utilizing higher depth of PC layer of 430 nm demonstrated that the PC-

assisted polymer red LED increases in efficiency 2.3 times higher than one without PC. 

[56]However, such high enhancement was because significantly low efficiency of control 

device, less than 0.1 cd/A. And the Figure 3-7D and (e) show far-field radiation intensity 

measured on top of emitting glass substrate. Especially, the PC OLED showed non-

uniform emitting surface due to the limited directions at which PC effect occurs. 

Furthermore, due to well-define periodicity of the structure, the outcoupling 

enhancement is limited at certain emission wavelength and angle, as shown in Figure 3-

7C. These drawbacks of PCs for OLED light extraction application must be solved for 
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practical light extraction techniques that require uniform emitting pixel and 

independence on emission wavelength and angle.     

3.3. Limitation of Light Extraction Techniques 

  As described, the light extraction techniques have showed enhancement 

outcoupling between 50% and 230%. For the substrate mode extraction techniques, 

most of them can be applied as practical use in OLED light extraction because their 

characteristic extraction such as uniform enhancement all over the area of emitting 

surface of OLED, emission wavelength, and angle, is attracting enough to be 

considered in practical light extraction techniques for OLEDs. Additionally, their simple 

fabrication process is another advantage.  For the waveguide mode, however, it still 

challenges to become as potential light extraction method since their applications are 

still not optimized due to the complicated process, dependence on specific emission 

wavelength and angle, and limited extraction efficiency. Most importantly, it is 

impossible for large-area application like TV display and lighting applications. 
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Figure 3-1. Microlens array for light extraction; A) schematic of light extraction scheme 

by microlens array, B) SEM image of top-view of microlens array on the back 
side of substrate, (inset: tilted cross-section SEM image of microlens array 
attached on the substrate). Figure 3-1B is from the reference 37. 

 

 

 

 

 

 
Figure 3-2. External scattering layer for the substrate mode; A) schematic of ray tracing 

inside substrate with and without the scattering layer, B) SEM image of the 
film on top, (inset: cross-section SEM image of the film), C) photo of 
scattering film on the glass substrate. Figure 3-2B and C is from the reference 
41 and 42, respectively. 
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Figure 3-3. Sand-blasting technique; A) optical microscope image of rough surface of 

the glass, B) edge sand-basting C) surface sand-blasting D) untreated. Figure 
3-3 is from the reference 43. 
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Figure 3-4. Refractive index and transmittance control as function of 25-NPs 

concentration of the external scattering film. Figure 3-4 is from the reference 
47. 
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Figure 3-5. Low-index grid; A) schematic of light extraction by low-index grid, B) 

refractive index of ultra-low-index porous SiO2 fabricated by glanced 
deposition technique, C) SEM images of tilted and cross-section view of the 
porous low-index SiO2. Figure 3-5A is from the reference 48 and Figure 3-5B 
and C are from the reference 49. 
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Figure 3-6. Efficiency as a function of ETL thickness for OLED fabricated on high-

refractive-index substrate (n>1.7) Figure 3-6 is from the reference 54. 
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Figure 3-7. Photonic crystal (PC) structure; A) SEM image of photonic crystal, B) 

schematic of PC OLED, C) EL of PC OLED, (D) Far-field radiation image of 
light emission from one without PC, E) Far-field radiation image of light 
emission from one with PC. Figure 3-7 is from the reference 55. 
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CHAPTER 4 
MOTIVATION AND OUTLINE 

OLEDs have been notified as one of revolution in technologies: flexibility, 

intuitively-simple process, excellent color tunability, and fast response. But, OLEDs 

faced critical challenge of limited efficiency of 20~30% EQE, that is, outcoupling 

efficiency. To understand the limiting factor to the low outcoupling efficiency, it is very 

critical that presence of the optical interfaces induced by the difference in refractive 

indices within the OLED device play a key role for the efficiency. For a typical bottom-

emission OLED structure, it consists of organic/ITO layers with refractive index of 1.7~2 

and glass substrate with refractive index of 1.52. Since two major optical interfaces at 

glass/ITO and air/glass exist, the TIR induced by such interfaces allows only 20~30% of 

total generated photons to escape and contribute as useful light sources, which is the 

definition of the outcoupling efficiency.[16, 57] Otherwise, the rest of light is confined and 

trapped as substrate and waveguide modes.  

As discussed in Chapter 3-1, the recovery of the substrate mode is no longer a 

problem for the low efficiency since the extraction techniques have been developed with 

e outcoupling efficiency, simple fabrication process, and large-area applicability. For the 

waveguide mode, accounting for significant amount of 40~60% total power, there was 

not so a clear solution, because the all-mentioned methods for the waveguide mode are 

not effective, and strongly dependent on selective emission wavelength and angle, 

limited application size, and complicated process like using holographic, electron-beam, 

and nanoimprint lithography techniques. However, the light extraction scheme utilizing 

corrugated OLEDs can overcome such limitations.[58-68] Similar as the PC structure, the 

corrugation of all ITO, organic, and metal layers in OLEDs can use the diffraction for the 
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extraction of the thin-film guided mode. Moreover, the corrugated nature of the metallic 

electrode can provide extra in-plane wave vectors onto the SP mode, allowing the 

radiation of the SP mode possible. In addition to the extraction of both thin-film mode 

and SP mode, the outcoupled EL is not dependent on the emission wavelength and 

angle by using quasi-periodic corrugated structures. Also, various and simple fabrication 

methods exploited for corrugated structures are another advantage. And the detail 

working principle, important parameters and fabrication methods regarding the 

corrugated OLEDs will be reviewed and discussed in Chapter 5. 

This dissertation focuses on efficiency of OLEDs incorporating corrugated 

structure with quasi-periodic pattern by changing key parameters; 1) by fabricating the 

corrugated structures with different periodicity, the dependence of efficiency of 

corrugated OLEDs are discussed in Chapter 6, 2) the effect of refractive index of 

corrugated substrate for OLED light extraction is discussed in Chapter 7, and 3) the 

refractive index contrast effect between glass and ITO on corrugated device efficiency is 

discussed in Chapter 8.     
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CHAPTER 5 
REVIEW OF CORRUGATED STRUCTURES FOR WAVEGUIDE MODE EXTRACTION 

5.1 Corrugated Structure 

Buckling OLEDs, or corrugated OLEDs, consist of all OLED stacks including 

transparent dielectric anode, organic layers, and a reflecting metal electrode with an 

uneven surface, as illustrated in Figure 5-1A. Due to the corrugated interface between 

the ITO and glass, the diffusing reflection at that interface will take place, hindering the 

TIR which is a significant limiting factor when determining the outcoupling efficiency. In 

addition, the corrugated metal reflector contributes to light scattering of the waveguide 

mode, increasing the light extraction efficiency.  

In this chapter, key parameters to determine the corrugated OLED performance 

and working principle will be discussed. 

5.1.1 Pattern Effect 

As expected, depending on characteristic patterns of the corrugated structures, 

the light extraction can be controlled. Therefore, the corrugated OLEDs can be 

categorized by the pattern characteristics: random-oriented, periodic and quasi-periodic 

structures, as illustrated in Figure 5-1B, C and D. The randomized pattern for 

corrugated OLEDs can be useful for scattering the waveguide mode into the air. Several 

reports have shown that OLEDs utilizing random light scattering corrugated structures 

improve efficiency without deterioration of the emission spectrum or the angle profile. 

And owing to the naturally graded refractive index between the ITO and glass by the 

corrugation, improved transmittance is also attributed to the enhancement of the OCE 

as shown in Figure 5-2C.  
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Recently, the green phosphorescent OLED with a hole-injecting PEDOT:PSS 

layer having a random corrugated pattern was demonstrated with an enhancement 

factor of 1.7.[63] Using an additional microlens array to extract the substrate mode, the 

total EQE was increased up to 41.1%. And due to the randomly-oriented light scattering 

of the waveguide modes, the enhanced EL spectrum and angular intensity profile did 

not deviate from the control planar OLED, as shown in Figure 5-2D and E. 

Secondly, the outcoupling mechanism, using perfect periodicity for the 

corrugated OLED, is based on the Bragg diffraction grating. Since the periodic refractive 

index modulation in in-plane directions are present near two interfaces of ITO/glass and 

organic/metal, the condition for Bragg diffraction can be satisfied for coupling the 

waveguide mode into the air, as described by the diffraction grating equation:  

𝑘𝑘∥ = 𝑘𝑘𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑤𝑤𝑤𝑤 ± 𝑚𝑚𝑘𝑘𝐺𝐺 and                                                                          (5-1) 

𝑘𝑘𝐺𝐺 = 2𝜋𝜋/𝜆𝜆,                                                                                                        (5-2) 

where 𝑘𝑘∥ denotes the absolute value of in-plane component of 𝑘𝑘𝑜𝑜 wave vectors in free 

spaces, 𝑠𝑠 is the polar angle with respect to the surface normal, 𝑘𝑘𝑤𝑤𝑤𝑤 is the in-plane 

component of the waveguide mode in corresponding medium, 𝑚𝑚 is an integer, and 𝑘𝑘𝐺𝐺 is 

the grating wave vectors, which is directly related to the 𝜆𝜆 periodicity of the structures: 

shorter periodicity, larger grating wave vector. By using appropriate periodicity, the 

diffraction of both thin-film and SP modes can be coupled out.  Fujita et al. 

demonstrated that the OLED with perfect 300-nm-periodic corrugated structure shows 

corresponding optical enhancement in emission spectrum; the outcoupled thin-film 

mode and SP mode at ~530 nm, ~510 nm, and ~480 nm in emission wavelengths, 
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respectively, as shown in Figure 5-3D.[69] The maximum enhancement was obtained at 

a wavelength of ~530 nm with an enhancement factor of 2.3.  

However, corrugated structures with periodic and random patterns have critical 

drawbacks. Since the random structure utilizes randomly-oriented light scattering, 

effective light outcoupling of the waveguide mode, especially the SP mode, is still 

limited. In terms of the periodic structure, the diffracted light is significantly dependent 

on emission wavelength and angle, because single or dual periodicity can only work on 

specific angles and emission wavelengths. Considering that typical OLED emissions 

display a broad spectrum, the enhanced emission spectrum by the periodic corrugated 

OLED is different from the original emission spectrum, as can be seen in Figure 5-3D. 

 Potentially, light extraction techniques must be applied for broad-band white 

color; distortion in the emission and angle profile can’t fulfill such requirements. To solve 

problems induced by these two types of corrugated OLEDs, the corrugated structures 

having quasi-periodic patterns show effective light outcoupling of both the thin-film 

mode and SP mode based on the diffraction mechanism, while maintaining the original 

emission spectrum and Lambertian-like angle profile. This is because, as shown in 

Figure 5-4A, the broadly-distributed periodicity can generate 𝑘𝑘𝐺𝐺 with broad ranges, 

which causes the waveguide mode to be coupled out into “broad” angle with “broad” 

emission wavelength. As reported by Koo et al. (2010), the buckling pattern with 

distributed periodicity, or quasi-periodic, was successfully demonstrated, proving the 

corrugated OLEDs with an optical enhancement factor of 2.2 and broadly-enhanced EL 

spectrum as shown in Figure 5-4B and C.[58] Additionally, Figure 5-4A shows that such 

distinctive fast furrier transform (FFT) images suggest that the diffraction in all azimuthal 
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angles can provide further optical enhancement, compared to perfect periodic structures 

which have only limited azimuthal direction for diffraction. Many of similar works using 

such semi-periodic corrugated structures for OLEDs were followed with enhanced 

efficiency and independence on angle and emission wavelength of the outcoupled light.   

5.1.2 Periodicity 

As briefly discussed in the previous section, periodicity is a key parameter used 

to determine the optical characteristic of the corrugated OLEDs incorporating Bragg 

diffraction grating. As indicated from the equation, grating wave vector 𝑘𝑘𝐺𝐺 is inversely 

proportional to the periodicity.  For the outcoupling of the waveguide mode into normal 

direction by the first-order diffraction, the Bragg diffraction equation is modified to: 

𝑘𝑘𝑤𝑤𝑤𝑤 = 𝑘𝑘𝐺𝐺.                                                                                                          (5-3) 

Therefore, the grating wave vector must be equal to the in-plane component of 

the waveguide mode 𝑘𝑘𝑤𝑤𝑤𝑤. To characterize the waveguide modes in the structure of 

OLED, the in-plane components of the waveguide 𝑘𝑘𝑤𝑤𝑤𝑤 can be calculated using a well-

known transfer matrix method, taking into account the information about refractive 

indices and the thickness of each layer of OLED.[70-72] The calculated dispersion 

relationship between the in-plane components of wave vector 𝑘𝑘𝑤𝑤𝑤𝑤 and the frequency 

are shown in Figure 5-5A. Since the values of the waveguide modes are different over 

all ranges of frequency, using a single periodicity can extract the waveguide mode on 

specific emission wavelengths into normal direction. And a typical EL spectrum of OLED 

employing single-periodicity structure is shown in Figure 5-3D. As mentioned previously, 

Koo et al. also studied the relationship between periodicity and emission wavelength 

being coupled out into a normal direction for the waveguide modes using the calculated 
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dispersion data, as shown in Figure 5-5B. For the first-order diffraction condition of the 

waveguide mode into the normal direction, periodicity must be between 250 ~ 500 nm 

for outcoupling the waveguide mode with visible emission wavelengths (400~700 nm).  

For quasi-periodic corrugated OLEDs, the same principle of diffraction law is 

applied. As discussed previously, unlike the single value of the grating wave vector, the 

characteristic distribution of the periodicity can provide the grating wave vectors with a 

broad range, which produces the waveguide mode extraction over broad emission 

wavelengths (Figure 5-4B).  

According to the comparison study from the quasi-periodic corrugated OLEDs 

between 1-μm and 0.5-um nominal periodicity, the Alq3-based OLED with 0.5 μm 

periodicity showed better optical enhancement with a factor close to 2 compared to 1-

μm-periodic corrugated OLED with an enhancement factor of 1.5. This is because the 

grating wave vectors generated by 0.5 μm periodicity can provide direct diffraction of the 

waveguide mode into air, whereas the 1.0 μm periodicity is not enough to diffract the 

waveguide mode into air.    

5.1.3 Corrugation Depth 

To determine the optical enhancement factor, the corrugation depth is equally as 

important as periodicity. This is because the proportion of the propagating 

electromagnetic waves being perturbed is dependent on the grating height.[73-76] When 

the height of the corrugated structure increases, the efficiency of Bragg diffraction 

increases in a parabolic-like profile. Then, the diffraction efficiency saturates up to 

80~90%. However, for the electric-driven devices like OLEDs, the effect caused by the 

depth control is not only limited on the optical characteristics, but on the electrical 

properties of the OLEDs as well. This is because the OLEDs are fabricated on the grove 
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surface of the corrugated structure, so that the induced electrical field is not uniform 

over the surface of the OLEDs.[69, 77, 78] In particular, the difference in the electrical field 

is much stronger inside the organic layer since the electrical conductivities of the 

organic materials are relatively small. Also, Fujita et al. reported a simulation work 

based on static-electric fields on 2D models for electrical characteristics of the 

corrugated OLED with different ratios between periodicity and depth.[69] Figure 5-6A 

shows the result.  

The induced electric field at the locally thinner organic layer in a corrugated 

OLED is higher than that of a conventional planar OLED. Moreover, when the ratio of 

the periodicity to the depth decreases (or depth increases), the intensity of electric field 

produced in that thinner organic region of the corrugated OLEDs increases. Thus, the 

stronger electric field at the locally thinner organic layer due to the depth of the 

corrugated structure in OLEDs will facilitate the injection and transport of charge carriers 

better, compared to that of planar OLEDs. And current density-voltage characteristics of 

OLEDs from Figure 5-6B shows clearly that the current density of corrugated OLEDs at 

a fixed voltage is much higher than that of the planar OLED. Therefore, such electrical 

effects owing to the corrugation depth allow the corrugated OLEDs to operate with 

smaller amounts of power. This partially explains why the power efficiency 

enhancement of the corrugated OLED is generally higher than current efficiency 

enhancement (see Figure 5-4C). However, if the depth of the corrugation increases too 

much, the stronger electric field at the thinner organic layer can’t hold any more, 

resulting in an electrical shortage that will damage the charge balance between both 

electron and hole charge carriers and eventually decrease device efficiency. As 
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reported by Kim’s group, when the depth increased more than 50 nm of corrugated 

OLED, the optical enhancement dramatically decreased, as shown in Figure 5-7D.[79] 

The cross-section dual-beam focused-ion-beam (DB-FIB) images of corrugated OLEDs 

with different depths of 15, 50, and 100 nm are shown in 5-7A. In particular, the gap 

between organic and Al layers was found from the OLED with 50 and 100 nm depth, 

which might provide the possible leakage current paths that might cause the damage of 

OLED operation. To confirm the presence of the leakage current, the optical 

enhancement factor was measured with respect to injected current density and power 

density (See Figure 5-7B and C). For the 80- and 100-nm-depth devices, optical 

enhancement with respect to the injected current were -19% and -27%, respectively, 

compared to the planar reference, which indicates that the degree of loss by interrupted 

charge balance is more severe than that of the outcoupling effect of the corrugated 

structure. In contrast, the optical enhancement with respect to the injected power 

density for devices with corrugation depth of 15nm and 50nm were 10% and 50%, 

addressing that the optimum corrugation depth for light extraction in corrugated OLEDs 

must consider both electrical and optical characteristics. 

5.1.4 Refractive Index Contrast 

The diffraction outcoupling mechanism in wave-guiding environments like OLEDs 

is triggered by the periodic modulation of the structures. In other words, the periodic 

modulation of the refractive index is a key to implementing the diffraction phenomenon. 

The direct expression for the refractive index contrast effect as a function of the 

diffraction strength is predicted by Fresnel reflection, as described below:  

η ~ (∆𝑠𝑠/𝑠𝑠𝑎𝑎𝑎𝑎)2,                                                                                                   (5-4) 
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where η is the diffraction efficiency, ∆n is the difference in refractive indices consisting 

of the diffraction grating, and nav is the average refractive index between the two 

components of the diffraction grating.[80-84] According to the simulation work using the 

plane wave expansion method, when ∆n increases more than 2, complete diffraction will 

occur on the electromagnetic waves propagating in the structure by forming a photonic 

band gap, as shown in Figure 5-8A.[84] From the calculated photonic band diagram 

shown in Figure 5-8B, the refractive index difference of low-index (n=1) and high-index 

(n=3.4) materials are enough to generate the photonic band gap where light 

propagation in the structure is forbidden in every direction, which will eventually lead to 

the coupling of the waveguide mode out of the structure via the Bragg diffraction. For a 

structure with periodic modulation of refractive index between 1.7 and 2.0, however, the 

contrast is not enough to open the gap, as shown in Figure 5-8C. Therefore, it is 

predicted that for corrugated OLEDs, the region near the interface of glass (n~1.5) and 

ITO (n~1.8) would provide weak diffraction on the thin-film guided mode. However, the 

regions between the organic and metal layers in the corrugated OLED is expected to 

have a stronger diffraction upon the waveguide mode, especially SP mode, due to the 

much higher contrast of refractive index between organic (n~1.7) and metal layers 

(n~0.9 for Al).  

To confirm the diffraction efficiency at two major corrugated interfaces due to the 

refractive index contrast, Ishihara et al. conducted an experimental comparison study 

using green fluorescent corrugated OLEDs with perfect periodicity of 300 nm.[85] As 

shown in Figure 5-9A, the calculated grating periodicity as a function of the outcoupled 

emission wavelength for the first-order diffraction into the normal direction shows that 
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the designed 300 nm single periodicity can outcouple the SP mode (transverse 

magnetic mode with zero order (TM0)) and thin-film modes (transverse electric mode 

with zero order (TE0) and TM1)) at ~550, ~530, and ~480 nm, respectively. This was 

confirmed by EL measurement comparison between the corrugated and planar devices, 

as shown in Figure 5-9B. Compared to the enhancement responsible for the extracted 

thin-film modes at ~ 480 and ~530 nm in emission wavelength, much higher 

enhancement responsible for outcoupling of the SP mode at ~550 nm in emission 

wavelength was observed. This can be explained by the electric field intensity 

distribution of the waveguide modes with respect to the position in the OLED structure 

as shown in Figure 5-9C. The electric field intensity of the SP mode is highly 

concentrated at the Alq3/Al interface due to the distinctive nature of the surface wave of 

the SP mode. Thus, the Bragg diffraction for the SP mode comes from the corrugated 

metal surface which has periodic modulation of the refractive index between the metal 

and organic materials. For the thin-film guided modes (TE0 and TM1), the 

corresponding electric field intensities are concentrated around the glass substrate and 

IZO transparent electrode due to the TIR at the glass/IZO interface. So, the weak 

diffraction induced by such small periodic variations of 0.3~0.4 in the refractive index 

between glass (n=1.52) and IZO (n=1.8~1.9) in the corrugated OLED resulted in low 

enhancement at ~480 and 530 nm in emission wavelength from the corrugated device. 

To enhance the diffraction efficiency upon the thin-film guided mode, Kim et al. 

introduced a photonic crystal structure with a low-index material called spin-on-glass 

(SOG) into OLEDs.[86] A systematic comparison study was performed between the 

SOG-assisted (n=1.28) and SiO2-assisted (n=1.52) PC OLEDs. Figure 5-10A and B 
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show the schematic structures of PC OLEDs utilizing the PC structures with 

components of SiNx/SiO2 and SOG/SiNx. As shown in 5-10C, the focused ion beam 

SEM images of a cross-section view showed the OLED fabricated on top of planar PC 

structure which consisted of SiNx and SOG. Figure 5-4D shows the current efficiency vs. 

the current density of the OLEDs using the PC structures. Compared to the 

conventional planar OLEDs with current efficiency of 10.7 and 11.7 cd/A measured at 

current density of 20 mA/cm2, the OLEDs with SiNx/SiO2 and SOG/SiO2 PC structures 

show current efficiency of 17.4 and 21.6 cd/A, respectively, indicating that the light 

extraction efficiency using PCs was improved by 63% and 85% compared to those of 

conventional OLEDs. An additional enhancement of around 20% in current efficiency of 

the OLED with PC consisting of SOG/SiO2 was achieved due to the improved diffraction 

efficiency by increasing the refractive index contrast in the PC structure. In addition to 

the increase of diffraction efficiency, Jeong et al. demonstrated that using higher 

contrast at the interface between a glass substrate and a low-index amorphous 

fluoropolymer, poly[perfluoro(4-vinyloxy-l-butene)] (PPFVB) with refractive index of 1.34 

for a corrugated structure can improve the directionality of outcoupled waveguide 

modes. [87] 

5.2 Fabrication Methods 

The corrugated OLEDs showed various and attractive advantages for extraction 

of the waveguide modes, which accounted for 40~60% of the total generated power in 

the OLEDs. Recently, the focus related to such outcoupling techniques has been moved 

to the fabrication techniques for the corrugated structures. Typically, electron-beam, 

holographic, and nanoimprint lithography techniques are used to fabricate the 

corrugated structures.[69, 85, 87-93] For electron-beam lithography, direct control of the 
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electron-beam with high resolution can generate nano- and micro-pattern structures. 

And the holographic lithography employs the interference effect of two or more coherent 

optical beams. By controlling the wavelength and angle of the incident beams, the 

interference pattern with different periodicity and depth will be produced on target 

substrates. In contrast to these two techniques, the nanoimprint lithography generates 

such corrugated structures by using a pre-fabricated mold containing corrugated 

patterns. The key element to the fabrication process of nanoimprint technique is to 

press the mold over the target substrate with a temperature over its glass transition 

temperature. As a result, the identical pattern is transferred onto target substrates. 

However, all the lithography techniques are limited to a relatively small area, which is 

critical for such processes as large-area-demanding display and lighting applications. In 

addition, it requires complicated fabrication processes, which will inevitably increase the 

fabrication cost. 

 To overcome these challenges, several innovative approaches have been 

introduced. As demonstrated by Koo et al. in 2012, the buckling structure with 

nanometer-scale periodicity was successfully fabricated by employing the mechanism 

based on the difference in thermal coefficient constants between two adjacent 

aluminum and PDMS layers, as shown in Figure 5-4A. [58, 60, 94-97] Using a simple 

thermal evaporator, a 10-nm-thick aluminum layer was deposited on the thermally 

expanded PDMS, which was preheated to 100 °C by an external radiation source. After 

cooling the sample down to ambient temperature, the compress stress was induced at 

the interface between the aluminium and PDMS due to the difference in thermal 

coefficients of the two layers, generating a buckling structure simultaneously. Figure 5-
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4A shows the AFM images of the fabricated buckling structures with distributed 

periodicity around 450 nm. In general, the depth D and periodicity λ of the buckling 

structure is proportional to each other, according to: 

𝐷𝐷 ≈ 𝜆𝜆∆
1
2.[98-100]                                                                                                    (5-5) 

To independently control the depth and periodicity, the compress stress ∆ plays a 

key role. Through another deposition of 10-nm-thick aluminum applied directly onto the 

buckled PDMS and the cooling process, additional compress stress can be induced, 

which impacts only on an increase of the depth without change of periodicity. As an 

optimized depth of the buckling structure for light extraction, the three-time deposition 

process of the 10-nm-thick aluminum layer generated the buckling structure with 50~70 

nm depth while the main periodicity was not different from the buckling structures 

generated by one- and two-time deposition process, as shown in Figure 5-4A.  

Compared to the corrugated structures with well-defined periodicity fabricated by 

typical lithography techniques, such corrugated structures formed by this technique 

show periodicity with broad distribution. Such characteristic distribution of the periodicity 

can effectively outcouple the waveguide modes in all emission wavelengths and all 

azimuthal angles by broadly-distributed grating wave vectors, as discussed previously. 

In addition, the corrugated structures were fabricated simultaneously all over the 

substrate, (2.5 x 2.5 cm2), which indicates that the scalability of the corrugated 

structures can be significantly improved. Recently, it was reported that the OLED 

fabricated directly on the buckled aluminum/PDMS structures on a glass substrate can 

eliminate the extra pattern transfer process, which makes this approach more practical. 

[60]  
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Recently, another fabrication method was reported in 2014 by Zhou et al.[63] As 

illustrated in Figure 5-11A, corrugated structure was prepared by aggregated silver NPs 

on Si wafer through rapid annealing process. By heating a 10-nm-thick silver film spin-

coated on the Si wafer with temperature to 400 °C for 1 min, the silver film is 

aggregated and becomes such silver NPs with different size. Using reactive-ion-etching 

method, the silver NPs are used as etching mask, resulting corrugated structure directly 

on Si wafer. Using soft lithography, the pattern is transferred onto perfluoropolyether 

(PFPE) mold. And AFM image of corrugated structure prepared on PFPE mold is shown 

in Figure 5-11B. To fabricate the corrugated structure with different size and depth, the 

size of silver NPs and etching time are controlled.[64, 68] 
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Figure 5-1. Schematic of a corrugated OLED; A) Cross-section view, and top view of B) 

well-orient periodic, C) quasi-periodic, D) random patterns. 
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Figure 5-2. Schematic of the OLED incorporating with corrugated PEDOT:PSS and 

optical and physical properties; A) Schematic diagram of the OLED using 
corrugated PEDOT:PSS hole injecting layer with random-like pattern and 
microlens array on the back side of the substrate, B) AFM images of the 
corrugated PEDOT:PSS layers with different roughness, C) Transmittance of 
the incident light from ITO side to the PEDOT:PSS-deposited substrates, D) 
EL at normal direction of corrugated and planar devices, E) Angular intensity 
profiles of the corrugated and planar OLEDs (dashed line is a reference for 
Lambertian profile). Figure 5-2 is from the reference 63.  
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Figure 5-3. OLED incorporating with perfectly periodic corrugated ITO; A) schematic 

configuration of corrugated OLED using periodic ITO pattern, B) SEM images 
of corrugated ITO layer with periodic pattern, C) cross-section SEM image of 
the OLED deposited on the corrugated ITO layer, D) EL spectra of the 
corrugated and planar OLED measured at normal direction. Three distinctive 
enhancement at ~470 nm, ~510 nm, and 530 nm is a result of Bragg 
diffraction coupling of the thin-film and SP modes. Figure 5-3 is from the 
reference 69. 
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Figure 5-4. Corrugated OLED incorporating with quasi-periodic structure; (a) AFM 

images of quasi-periodic structure with three different depths and the 
characteristic periodicity distribution confirms the same periodicity of those 
three structures. In the inset, circular-like pattern indicate the diffraction can 
occur all azimuthal directions, (b) EL spectra of a planar (black) and two 
different buckling (red for smaller depth and blue for higher depth) OLEDs 
show the optical enhancement is coming from all emission wavelengths and 
for corrugated OLEDs. The angular profiles of both planar and corrugated 
devices show similar Lambertian pattern, indicating uniform light intensity 
over all polar angles, (C) current efficiency and power efficiency of devices 
show maximum 120% and 190% enhancement compare to the planar OLED. 
Figure 5-4 is from the reference 23. 

 

 

 

A B 

C 

58 
 



 
 

 
Figure 5-5. Calculated dispersion and relation between grating period and emission 

wavelength for the thin-film mode and the SP mode; A) dispersion curve of 
waveguide modes in conventional bottom-emitting OLED fabricated on the 
glass substrate; thin-film guided mode (black line) with zero-order transverse 
electric (TE) polarization with zero order and SP mode (red line) with zero-
order transverse magnetic polarization are excited inside of high-refractive-
index ITO/organic layer (n=1.7~2), B) relation between grating periodicity for 
first- and second-order diffraction for normal direction and the outcoupled 
emission wavelength for thin-film and SP mode. The dotted horizontal line is 
the nominal periodicity of 400 nm used for the corrugated devices. Figure 5-4 
is from the reference 23. 
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Figure 5-6. Corrugation depth on electrical effect; A) simulated static electric field 

intensity distributions, B) device electrical characteristics of planar and 
corrugated OLEDs with different periodicity from 300 nm to 1 µm. Figure 5-6 
is from the reference 69. 
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Figure 5-7. Depth effect on device performance; A) cross-section DB-FIB images of 

fabricated corrugated OLEDs with depth of 15, 50, and 100 nm, B) efficiency 
as a function of current density for different depth, C) efficiency as a function 
of power density for different depth, D) enhancement ratio of current and 
power efficiency to the corrugation height. Figure 5-7 is from the reference 79. 
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Figure 5-8. Characteristics of PC structure with different refractive index contrast; A) 

simulated photonic band gap size as a function of refractive index contrast, 
(the required ‘on-set’ contrast for opening the photonic band gap begins from 
2), B) photonic band diagram with PC consisting of n1=1.7 and n2=2, C) 
photonic band diagram with PC consisting of n1=1 and n2=3.4, (all simulated 
data are calculated by a plane wave expansion method).Figure 5-8A is from 
the reference 84 and Figure 5-8B and C are from 69. 

 

 

 

 
Figure 5-9. Calculated and experimental results for relation between periodicity and 

outcoupled emission wavelength of the waveguide mode; A) calculated 
grating periodicity for normal direction first-order diffraction with respect to the 
outcoupled emission wavelength for the thin-film modes (TE0 and TM1) and 
SP mode (TM0), (solid square, triangle, and circular symbols are 
experimental points), B) EL measurement of both planar and corrugated 
OLEDs with perfect periodicity of 300 nm, C) electric field intensities of TM0, 
TE0, and TE1 with respect to position inside of OLEDs. Figure 5-9 is from the 
reference 85.  
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Figure 5-10. Schematic of OLEDs employing PC with different refractive index contrast; 

A) PC with SiNx and SiO2, B) PC with SOG and SiNx. C) focused-ion-beam 
cross-section SEM image of OLED fabricated on SOG/SiNx PC layer, D) 
Current efficiency as function of current density for conventional and PC 
OLEDs, (using higher contrast in refractive index of PC structure shows 
highest efficiency among them). Figure 5-10 is from the reference 86. 
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Figure 5-11. Schematic of corrugated structure fabrication process for silver 

nanoparticles and AFM image; A) schematic fabrication process of corrugated 
structure fabricated on Si wafer by aggregated silver nanoparticles through 
rapid annealing process in nitrogen environment, B) AFM image of corrugated 
structure transferred onto PFPE mold. Figure 5-11 is from the reference 63. 
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CHAPTER 6 
LIGHT EXTRACTION OF GREEN FLOURESCENT OLEDS BY DEFECTIVE 
HEXAGONAL-CLOSE-PACKED ARRAY WITH DIFFERENT PERIODICITY 

6.1 Review and motive 

Light extraction in organic light emitting diodes (OLEDs) has been an active area 

of research because of significant power loss due to light wave guiding in the indium tin 

oxide/organic layers (ITO/organic mode) and the glass substrate (substrate mode). 

While the substrate mode can easily be outcoupled by attaching a commercial 

microlens array or a light extraction film on the back of the substrate, extraction of the 

ITO/organic mode is much more challenging to achieve without deteriorating the device 

performance because it requires a modification of the internal structure inside the 

device such as low-index grids outside the transparent electrodes,[48]  internal scattering 

structure of the organic layer,[101] preferred orientation of the transition dipole moments 

of the emitter film,[102] and Bragg diffraction gratings.[69, 85, 87-91] Bragg diffraction grating 

requiring incorporation of corrugated structure into OLEDs have been widely studied as 

one of most promising approaches, but it still has many issues to be solved for practical 

applications. For most photonic and grating structures used for light extraction, the 

outcoupled light is strongly directional depending on the specific emission wavelength, 

polar angle, and azimuthal angle because of their perfectly periodic microstructure.[69, 85, 

87-91] In addition, fabrication of these corrugated structures requires electron beam 

lithography which is not compatible with low cost manufacturing. Recently, Koo et al. 

reported that a spontaneously formed buckling structure with a non-directional emission 

profile might provide a new approach to randomize with the directionality in photonic 

crystal structures.[58, 94, 96, 97] In this chapter, we demonstrate a light extraction scheme 

with an emission profile close to a Lambertian emitter by introducing defects into a 
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hexagonal-close-packed (HCP) silica sphere arrays and thereby randomizing the 

directionality and broadening the periodicity. The defective silica sphere array having 

locally HCP structure but lack of long ordering was fabricated by simple low cost rapid 

convective deposition. Although Hyun et al. reported two dimensional (2D) titanium 

oxide (TiO2) photonic crystal by the simple convective deposition for light extraction in 

polymer light emitting diodes, they did not address the effects of the defects involved in 

their periodic structure on light extraction, their 2D TiO2 photonic crystal with flat surface 

was unable to outcouple the surface plasmon mode propagating at the interface 

between the organic and cathode layers.[103] Here, we demonstrate the effects of the 

defective HCP array on light extraction experimentally and theoretically, and finally 

report 70% and 90% enhancements in current and power efficiencies, respectively, 

without introducing particular spectral change over emission angles. 

6.2 Experimental Procedure 

6.2.1 Defective HCP Grating Fabrication 

Silica sphere array templates were fabricated by depositing a suspension 

consisting of either 1.0- or 0.5- μm-diameter silica spheres and 100-nm-diameter 

polystyrene spheres on glass substrate by rapid convective deposition. In these 

experiments, we employed 14% silica and 4% polystyrene binary suspension prepared 

by dispersing the 1.0- and 0.5-μm diameter silica microspheres and 100-nm diameter 

polystyrene nanospheres into distilled water. Then, the suspension was immersed in the 

ultrasonic bath for 1 hour and thoroughly shaken by the vortex for 1 mininute. Prior to 

deposition, the glass substrate was cleaned by using piranha solution (volume ratio of 

5:1 for sulfuric acid/hydrogen peroxide) and distilled water. The back and bottom edges 

of glass deposition blade were treated for ensuring hydrophobic surfaces by adding a 
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thin coating with parafilm in order to control the wetting region of the meniscus droplet. 

During the deposition, a 7.0-μL droplet silica/polystyrene binary suspension was firstly 

injected between the substrate and the blade forming a wedge with the substrate at the 

angle 55°. Afterwards, the blade swept across substrate at a speed of 62.5 μm/s by a 

linear motor. After deposition, the sample was heated at 140 °C to melt the polystyrene 

spheres, which would fill up the gap between the silica microspheres to form the planar 

polystyrene layer. By using this process, we fabricated silica/polystyrene arrays 

templates with silica sphere diameters of 1.0 and 0.5 μm employing polystyrene 

thicknesses of 815 nm and 425 nm, respectively. These 1.0 and 0.5 μm silica sphere 

array substrates were used as a template on which PDMS was poured and cured at 

60°C for 2 hours to form the PDMS replica. To fabricate the resin coated substrate for 

OLED fabrication, a UV-curable resin layer (Norland Optical Adhesive 81) was spin-

coated on the 0.1-mm-thick glass substrates and subsequently cured by UV irradiation 

for 5 minutes, a drop of resin was placed on the resin-coated substrates. Then the silica 

sphere array patterns of the PDMS replicas were transferred to UV-curable resin layers 

by imprinting technique. Finally, the corrugated resin layer and a flat resin layer coated 

glass substrates were used for grating and reference devices, respectively. 

6.2.2 Device Fabrication and Measurement 

For device fabrication, the following layers were deposited on the corrugated and 

flat resin layers: a120-nm-thick ITO, a 50-nm-thick NPB (N,N′-bis(naphthalene-1-yl)-

N,N′-bis-(phenyl)benzidine)), a 60-nm-thick Alq3 (tris-(8-hydroxyquinoline)-aluminum), a 

1.0-nm-thick lithium fluoride (LiF), and a 100-nm-thick aluminum (Al). The devices with 

the emitting area of 2 mm × 2 mm were encapsulated with glass and UV-curable 

sealant in a glove box under N2 atmosphere. In order to extract the substrate mode, a 
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hemisphere lens with a diameter of 3 mm was attached on the back of the glass 

substrate. EL spectra were recorded with a source meter (Keithley 2400) and a 

spectrometer (Ocean Optics HR4000). The angular emission patterns were measured 

by integrating the EL spectra of devices according to emission angles. A perfect 

hemisphere lens with a diameter of 5 mm and a refractive index of 1.52 was attached 

on glass substrate of devices by an index matching gel. 

6.3 Result and Discussion 

6.3.1 Fabrication and Characterization of Defective HCP Structure 

The HCP silica sphere array was prepared by the rapid convective deposition 

process which is applicable for low-cost and large scale production without using 

lithography.[104-107] 14% silica and 4% polystyrene binary suspension prepared by 

dispersing the 1.0- and 0.5-μm-diameter silica microspheres and 100-nm-diameter 

polystyrene nanospheres into distilled water were deposited with the deposition blade 

on glass substrates. Figure 6-1A shows the 0.5-μm-diameter silica sphere with the 100-

nm-diameter polystyrene after deposition. After heat treatment of the sample at 140 °C 

for 4 minutes, the polystyrene spheres were melted to form a thin film embedded with a 

monolayer of silica spheres, thereby forming corrugated structures with periodicities 

corresponding to the size of the silica spheres, as seen in Figure 6-1B and C. The depth 

of the corrugated structure was tuned by controlling the heat treatment time to reduce 

the polystyrene layer thickness, similar to the process described in Reference 107. 

While the diffraction efficiency of grating generally increases with the depth of grating, 

we selected the depth of ∼185 nm and ∼75 nm for the 1.0- and 0.5-μm gratings 

because too high depth of grating causes a device failure due to high leakage current 
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paths. To form a corrugated structure for OLED fabrication, a PDMS replica was first 

made using the silica sphere array substrate as a template. Subsequently, the PDMS 

replica was stamped onto a UV-curable resin coated glass substrate. Finally, the 

corrugated resin layer having locally HCP structure but lack of long ordering and a flat 

resin layer on the 0.1-mm-thick glass substrates were used for grating and reference 

devices, respectively.   

Figure 6-2A and B show the AFM images of the 1.0- and 0.5-μm-diameter silica 

sphere array templates respectively along with the FFT patterns as inserts. Although the 

local HCP areas retain the hexagonal FFT patterns, defects in the array break the long 

range hexagonal symmetry and generate a ring pattern over the entire area. The FFT 

patterns indicate that the defective HCP array pattern forms the grating vectors in all 

azimuthal angles, allowing diffractions of wave-guided light in all azimuthal angles.[58, 94, 

96, 97] The line profiles in the AFM images show that the local HCP areas in the 

corrugated templates have the periodicities of 1.0 and 0.5 μm corresponding to the 

diameters of the silica spheres. However, the power spectral density from the whole 

area in Figure 6-2C indicates that the 1.0 and 0.5 μm templates actually have peak 

periodicities of 0.46 ± 0.04 and 0.9 ± 0.1 μm. The depths of the corrugated templates 

were 180∼190 and 70∼80 nm for the 1.0 and 0.5 μm templates, respectively, but the 

depths of the corrugated resin layers imprinted from the template were reduced slightly 

to 170∼180 and 60∼70 nm respectively, while their periodicities of 0.46 ± 0.04 and 0.9 

± 0.1 μm were maintained. The calculated surface area ratios, expressing the increment 

of the corrugated surface area relative to the flat surface area, were ∼12% and ∼8% 

for the 1.0 and 0.5 μm corrugated resin layers. 
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6.3.2 OLED Devices with 1.0 μm periodicity 

To fabricate the OLEDs, the following layers were deposited on the corrugated 

and flat resin layers coated glass substrates: a 120-nm-thick ITO, a 50-nm-thick NPB 

(N,N’-bis(naphthalene-1-yl)-N,N′-bis-(phenyl)benzidine)), a 60-nm-thick Alq3 (tris-(8-

hydroxyquinoline)-aluminum), a 1.0-nm-thick lithium fluoride (LiF), and a 100-nm-thick 

aluminum (Al). Figure 6-3A shows the device structure and Figure 6-3B shows the 

distributions of the electric field intensities for one transverse-electric (TE0) and two 

transverse-magnetic (TM0 and TM1) waveguide modes, which were calculated by the 

transfer matrix method.[58] Generally, the diffraction efficiency of a grating is proportional 

to the electric field intensity in the grating region. [88] Because the corrugated structure is 

maintained over all layers from the resin to the Al layer, effective outcoupling of the thin 

film guided modes is expected. 

The typical current densities (mA/cm2) and luminances (cd/m2) for the devices 

with and without 1.0 μm grating are plotted as a function of applied voltage in Figure 6-

4A. The 1.0 μm grating device shows a higher current density and a higher luminance at 

a constant voltage compared with the reference device. The leakage current of the 

grating device below turn-on voltage showed little difference with that of the reference 

device on a log-log scale, indicating smooth surface of the corrugated structure in the 

grating device (Figure 6-5A). Because the surface area of the grating device is 

increased slightly by ∼12%, the much higher enhancement of the current density in the 

grating device cannot be explained by considering only the surface area enhancement. 

In general, it is reported that a corrugated OLED have a higher current density because 

of the enhanced electric field due to non-uniformity of the organic layer thicknesses in a 
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corrugated structure.[58, 77, 87] Despite of the increased current density, the higher 

enhancement of the luminance in the grating device represents the extraction of the 

waveguide modes. The current (cd/A) and power efficiencies (lm/W) at a current density 

of 40 mA/cm2 are 2.6 cd/A and 1.64 lm/W for the reference device and 3.5 cd/A and 2.5 

lm/W for the grating device (Figure 6-4B). The grating device shows 35% and 50% 

enhancements in the current and power efficiencies compared to the reference devices. 

The higher enhancement in the power efficiency than the current efficiency is due to the 

lower operating voltage in the grating devices, as shown in Figure 6-4A. The EL spectra 

of the grating and reference devices at normal direction show that there is no spectral 

change due to the 1.0-μm grating (inset of Figure 6-4C). Dividing the EL intensity of the 

grating device by that of the reference device, the enhancement ratio for the emission 

wavelengths is obtained and the results are shown in Figure 6-4C. The enhancement 

ratio is fairly uniform across the EL spectrum with slightly higher intensities at around 

500 and 650∼700 nm.  

In order to elucidate the dependence of the enhancement ratio on the emission 

wavelength, we calculated the dispersion curves of the TE0, TM0 and TM1 modes and 

the results are shown in Figure 6-4D. The dispersion curve with the light lines for air and 

glass substrate can be divided into three regions: air, substrate, and ITO/organic modes. 

According to the Bragg grating Equation 5-1, the large in-plane wave vectors of the TE0, 

TM0 and TM1 modes can be reduced by the grating vector which is inversely 

proportional to the periodicity of grating.[58, 94, 96, 97] The length of the small arrows in 

Figure 6-4D represents the magnitude of the grating vectors by the periodicity of 0.9 

and 0.8 μm from the periodicity range of 0.9 ± 0.1 μm. While the small grating vector 
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due to the large periodicity is only able to transfer the ITO/organic mode to the substrate 

mode by the first order diffraction, a fraction of the enhanced substrate mode can be 

outcoupled to the air mode by multiple scattering with the corrugated Al layer on a thin 

glass substrate (0.1 mm).[97] We believe that the efficiency enhancement by the 1.0 μm 

grating is mainly caused by the extraction of the substrate mode by scattering, which 

gives rise to the broad enhancement of the EL intensity over all emission wavelengths 

in Figure 6-4C. The slightly higher intensities at around 500 and 650∼700 nm in Figure 

6-4C are related to the transfer of the TM1 mode to the substrate mode up to 

below∼520 nm along with the TE0 and the second-order diffraction of TE0 by the 

grating vectors from k0.8 μm to k0.9 μm above 630 nm, respectively. Since the TM0 mode 

as the SP mode has the characteristics of the strong absorption, the large periodicity of 

0.9 ± 0.1 μm cannot extract the TM0 mode effectively.[96]  

6.3.2 OLED Devices with 0.5 μm Periodicity 

With the 0.5 μm grating, the TE0, TM0 and TM1 modes can be more effectively 

outcoupled because of the larger grating vector to counter their large in-plane wave 

vectors. Figure 6-6A shows the current densities and luminance for the 0.5 μm grating 

device and the reference device. Similar to the 1.0 μm grating device, the 0.5 μm 

grating device exhibits a higher current density and higher luminance than those of the 

reference device. However, the enhancement of the current density in the 0.5 μm 

grating device is lower than that in the 1.0 μm grating device because of the lower 

surface area ratio of the 0.5 μm grating (∼8%) than the 1.0 μm grating (∼12%). The 

current and power efficiencies at a current density of 40 mA/cm2 in Figure 6-6B are 2.57 

cd/A and 1.58 lm/W for the reference devices, and 4.38 cd/A and 2.95 lm/W for the 
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grating devices, respectively. Enhancements of∼70% and ∼90% were achieved for the 

current and power efficiencies due to the 0.5 μm grating. The larger enhancement of the 

0.5 μm grating device, compared to the 1.0 μm grating device, is associated with the 

larger grating vector of the 0.5 μm grating. The EL spectra of the grating and reference 

devices at normal direction again show a broad enhancement over all emission 

wavelengths (inset of Figure 6-6C). The enhancement ratio in Figure 6-6C represents 

two strong intensities at around 470 and 700 nm. It should be noted that the 

enhancements at both ends of the spectrum are slightly larger compared to the 1.0 μm 

grating device. According to the dispersion curve in Figure 6-6D, the 0.5 μm grating 

having the periodicity range of 0.46 ± 0.04 μm can extract the TE0 and TM0 modes into 

the normal direction through the second-order diffraction by the grating vectors from 

k0.46 μm to k0.5 μm at around 470 nm and the first-order diffraction by the grating vectors 

from k0.42 μm to k0.46 μm at around 700 nm, while those modes at all emission wavelengths 

can be outcoupled to various angles through the first- and second-order diffractions by 

the wide range of the grating vectors. The substrate mode also can be outcoupled 

through the multiple scattering between the corrugated Al cathode layer and the thin 

glass substrate, contributing to the overall enhancement for all emission wavelengths, 

as seen in Figure 6-6C. 

6.3.4 Angular dependence of emitting light with and without hemisphere 

lens 

The EL spectra of the reference and 0.5 μm grating devices for 0° , 20° , 40° , 

and 60° are shown in Figure 6-7A. All EL intensities of the 0.5 μm grating devices are 

enhanced over all emission wavelengths irrespective of the emission angles because 
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the ITO/organic modes and the substrate mode are extracted by the 0.5 μm grating with 

the broad periodicity and the random orientation. In order to more effectively extract the 

substrate mode, a hemisphere lens was used. By integrating the EL spectrum, the 

angular dependences of emitting light for the reference, 1.0, and 0.5 μm grating devices 

with (filled circle) and without (open circle) the hemisphere lens are shown in Figure 6-

7B, C, and D, respectively. The emitting light intensities of each device for all emission 

angles were normalized by the intensity of each device without the hemisphere lens at 

normal direction. Both the reference and 1.0 μm grating devices without the hemisphere 

exhibit nearly Lambertian emission pattern. Since the grating vector by the 1.0 μm 

grating is too small to directly extract the ITO/organic mode by the first-order diffraction, 

the indirect extraction of the enhanced substrate mode via the multiple scattering gives 

rise to the non-characteristic emission profile in Figure 6-7C. However, the 0.5 μm 

grating device shows the broader distribution, compared with the Lambertian emission 

pattern, particularly at around 40° which corresponds the first-order diffraction angle of 

the TE0 and TM0 modes around the main emission peak of 530 nm by the grating 

periodicity of 0.46 μm. It should be noted that while OLEDs fabricated on a conventional 

grating or photonic crystal structure with a short and long range order hexagonal 

symmetry give distinct butterfly wing emission patterns,[79, 87] the emission profiles of our 

OLEDs fabricated on defective HCP array patterns do not show a particular polar- and 

azimuthal angle dependence because of the broadening of the periodicity and the 

random orientation from the defective array pattern. 

With the hemisphere lens, the 1.0 and 0.5 μm grating devices in Figure 6-7C and 

D represent different characteristic emission profiles from the reference device in Figure 
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6-7B. These indicate that the grating on the thin glass redistributes the substrate mode 

by transferring the ITO/organic mode to the substrate mode and extracting the substrate 

mode, depending on its periodicity. In order to understand the mode distribution, we 

define the enhancement ratio by dividing the EL intensity of the device with the 

hemisphere lens by that of the device without the hemisphere lens. Figure 6-7E shows 

the enhancement ratios for the reference (square), 1.0 μm (circle) and 0.5 μm (triangle) 

grating devices. Please, note that the smaller enhancement of the grating devices than 

the reference device in Figure 6-7E is caused by the higher efficiency of the grating 

devices without the hemisphere lens than the reference device without the hemisphere 

lens. While the enhancement ratio of the reference device with the hemisphere lens 

generally decreases with increasing emission angles, that of the 1.0 μm grating device 

with the hemisphere lens increases rather than decreases, possibly because the first-

order diffraction by the 1.0 μm grating can only transfer the ITO/organic mode to the 

substrate mode. The enhancement ratio of the 0.5 μm grating device with the 

hemisphere lens increases up to 20∼30° and then decreases as the emission angle 

increases further, reflecting the extraction of the ITO/organic mode by the 0.5 μm 

grating, contrary to the 1.0 μm grating. The reference device with the hemisphere lens 

shows the enhancement of 77% in the integrated intensity over all emission angles, 

compared to that without the hemisphere lens, while the 1.0 and 0.5 μm grating devices 

with the hemisphere lens show the enhancements of 67% and 48%, compared to each 

device without the hemisphere lens, indicating that a fraction of the ITO/organic modes 

in the grating devices are indeed extracted to the air mode. Finally, the power 

efficiencies of the 1.0 and 0.5 μm grating devices with lens were enhanced by a factor 
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of∼2.5 ( = 1 reference × 1.6 power efficiency × 1.67 lens ) and∼2.8 ( = 1 reference × 

1.9 power efficiency × 1.48 lens ), respectively, compared with the reference device 

without the hemisphere lens. 

6.4 Summary 

In summary, a defective silica sphere array pattern having locally HCP structure, 

but lack of long ordering was fabricated by rapid convective deposition. The defective 

silica array pattern was incorporated into the devices as grating to extract the 

ITO/organic modes and additionally the substrate mode via a thin glass substrate. 

Despite of the insufficient grating vector, the 1.0 μm grating devices showed the 35% 

and 50% enhancements in the current and power efficiencies by transferring the 

ITO/organic modes to the substrate mode and then scattering the substrate mode. The 

0.5 μm grating devices with the stronger grating vector were able to effectively 

outcouple the ITO/organic modes by the first- and second-order diffractions with the 

scattered substrate mode, thereby improving the current and power efficiency by 70% 

and 90%, respectively, without spectral changes and directionality. With the low-cost 

and large-area processing, the defective HCP silica array pattern can supply a practical 

solution for light extraction in the field of OLED applications. 
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Figure 6-1. SEM images of silica array embedded in polystyrene layer before and after 

heat treatment; A) SEM image on the 0.5-μm diameter silica sphere mixed 
with the 100 nm polystyrene sphere before heat treatment, B) and A) cross-
sectional view of SEM images on the 0.5- and 1.0-μm-diameter silica array 
template after heat treatment at 140°C for 4 minutes, respectively. Figure 6-1 
is from the reference 58. 

 
 
 
 
 
 

 
Figure 6-2. AFM images, line profiles and power spectral density on corrugated 

structure with different periodicity; A) 1.0- and B) 0.5-μm-diameter silica 
sphere arrays template (dimensions, 10 × 10 μm2). Inset: The FFT pattern of 
each image, (the solid line in the image corresponds to the line profile below 
the image), C) power spectral density from FFTs as a function of wavelength 
for 1.0 and 0.5 μm templates. Figure 6-2 is from the reference 58.  
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Figure 6-3. Calculated electric field distribution in OLEDs; A) schematic of corrugated 

device structure, B) distributions of electric field intensity across the layers for 
TE0 (- -), TM0 (—), and TM1 ( · · · · ) waveguide modes in a flat structure, 
calculated by transfer matrix method. Figure 6-3 is from the reference 58. 
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Figure 6-4. Electrical and optical characteristics of 1-μm-periodic structure; A) current 

density (mA/cm2) and luminance (cd/m2), B) current efficiency (cd/A) and 
power efficiency (lm/W) for corrugated (filled symbols) and reference (open 
symbols) devices, C) enhancement ratio of EL intensity, plotted by dividing 
the spectrum of the grating device by that of the reference devices. Inset: EL 
spectra of the grating (—) and reference (- -) devices, D) dispersion curves of 
the TE0 (- -), TM0 (—), and TM1 (· · · ·) modes by transfer matrix method. It 
was assumed that the refractive index of a resin layer (n = 1.56) is equal to 
that of a glass substrate (n = 1.52). The thin solid lines represent the light 
lines for air and glass substrate. The small arrows indicate the grating vectors 
k0.9 μm and k0.8 μm from the periodicity distribution of 0.9 ± 0.1 μm in the 1.0 μm 
grating, and m = 1, 2 means the first- and second-order diffraction. A large 
arrow describes the extraction of the substrate mode, irrespective of the 
length of the arrow. Figure 6-4 is from the reference 58. 
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Figure 6-5. Electrical and optical characteristics of both corrugated structure with 

different periodicity; A) current density (mA/cm2, left axis) and luminance 
(cd/m2, right axis) as a function of applied voltage in log scale for the devices 
with (filled circle) and without (open circle) the 1.0 µm grating, B) the devices 
with (filled circle) and without (open circle) the 0.5 µm grating. Figure 6-5 is 
from the reference 58. 
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Figure 6-6. Electrical and optical characteristics of 0.5-μm-periodic structure; A) current 

density (mA/cm2) and luminance (cd/m2), B) current efficiency (cd/A) and 
power efficiency (lm/W) for corrugated (filled symbols) and reference (open 
symbols) devices, C) enhancement ratio of EL intensity, plotted by dividing 
the spectrum of the grating device by that of the reference devices. Inset: EL 
spectra of the grating (—) and reference (- -) devices, D) dispersion curves of 
the TE0 (- -), TM0 (—), and TM1 ( · · · · ) modes. Figure 6-6 is from the 
reference 58. 
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Figure 6-7. Angular dependence of emitting light with and without hemisphere lens for 

corrugated OLEDs; A) EL spectra of the reference (open symbols) and the 
0.5 μm (filled symbols) grating without a hemisphere lens for the emission 
angles of 0° (square), 20° (circle), 40° (triangle), and 60° (diamond). Angular 
dependence of emitting light for B) the reference, C) 1.0 μm, D) 0.5 μm 
grating devices with (filled circle) and without (open circle) the hemisphere 
lens. The solid line represents a Lambertian emission pattern. The emitting 
light intensities of each device with and without lens for all emission angles 
were normalized by the intensity of each device without lens at normal 
direction. E) enhancement ratio of the EL intensity by the hemisphere lens for 
the reference (square), 1.0 μm (circle), and 0.5 μm (triangle) grating devices, 
by dividing the EL intensity of the device with the hemisphere lens by that of 
the device without the hemisphere lens in B ∼ D. Figure 6-7 is from the 
reference 58. 
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CHAPTER 7 
LIGHT EXTRACTION OF CORRUGATED OLEDS FABRICATED ON HIGH-

REFRACTIVE-INDEX SAPPHIRE SUBSTRATE 

7.1 Review and motive 

OLEDs have become a promising candidate for lighting applications due to their 

flexibility, low-power consumption and excellent color quality. However, the low 

extraction efficiency in OLEDs still remains as the biggest challenge for lighting 

applications. Although the internal quantum efficiency has reached close to 100% using 

phosphorescent emitters, the external quantum efficiency is typically about 25%.[11, 17, 18]   

The low extraction efficiency in OLEDs is due to the difference in refractive 

indices between air (n=1), the glass substrate (n~1.5) and the organic/ITO (1.7~2) 

layers. In conventional OLEDs, only 20~30% of the generated light can escape into air 

and another 20~30% is trapped in the substrate,[108] and the rest of the emitted light is 

trapped and guided in the organic/ITO layers. Depending on where the optical modes 

are located in the ITO/organic layers, they can be categorized into waveguide modes 

that mostly concentrate closed to the ITO layer and SP mode that propagates as 

surface waves along the metal-organic interface, accounting for close to 50% of the 

total light output in an optimized OLED.[109]   

To improve the light extraction efficiency, various techniques have been 

introduced. The substrate mode can be extracted effectively using microlens arrays and 

light scattering layers.[38, 40, 43] Waveguide modes can be extracted using photonic 

crystals, low-index grids, and high-index substrates.[48, 52-55, 85, 110] Especially, using high-

index substrates with a refractive index similar to that of the organic/ITO layers, the 

waveguide modes can be significantly suppressed. Leo et al. reported white OLEDs 

fabricated on high-refractive-index substrates, resulting in a ~50% enhancement in 
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EQE.[54] To minimize the efficiency loss due to the SP mode, one can either get rid of 

the metal electrode or use corrugated structures. To minimize the presence of the SP 

mode, Kim el al. have fabricated transparent OLEDs without the metal electrode and 

achieved an EQE of 65%. To extract the SP mode, corrugated OLEDs have been 

shown to be very effective.[58, 59, 96, 102, 111, 112] Specifically, corrugated OLEDs fabricated 

on buckling structures with a semi-random periodicity have shown to give significant 

enhancements in efficiency across the entire visible spectrum.[58] While the techniques 

mentioned above are effective to extract either the thin-film guided modes or the SP 

modes, there has not been a demonstration of effective out-coupling of both thin-film 

and SP modes simultaneously. 

Here, we report a scheme to extract the waveguide, SP and substrate modes 

simultaneously in an OLED. By fabricating OLEDs on corrugated high-refractive-index 

sapphire substrates (n~1.8), extraction of both the waveguide and SP modes was fully 

exploited. Using an additional macro lens on the back side of the substrate to extract 

the substrate mode, we were able to realize a green phosphorescent OLED with an 

EQE of 63% and a current efficiency of 225 cd/A. Unlike the conventional photonic 

crystals which are only effective for light extraction at specific wavelengths, the quasi-

periodic corrugated structure can enhance the extraction in all wavelengths with an 

emission profile similar to that of a Lambertian emitter.  

7.2 Experimental Procedure 

7.2.1 Fabrication of Corrugated Sapphire Structure 

The fabrication process for the corrugated sapphire substrates consists of three 

steps: (i) coating a monolayer of silica sphere arrays by Langmuir-Blodgett (LB) 

technique on sapphire substrates, (ii) transferring the pattern of silica sphere arrays 
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onto the sapphire substrate by inductively coupled plasma reactive ion etching (ICP-

RIE), and (iii) removing the silica spheres with buffered oxide etch. The schematic 

diagrams of these processing steps are illustrated in Figure 7-1. To fabricate the 

sacrificial masks for patterning the sapphire substrate, mono-dispersed silica spheres 

with a diameter of 275 nm were self-assembled to form a quasi-periodic array on the 

substrates using a LB trough, and the details have been documented in previous 

work.[59] To fabricate the corrugated structure on the sapphire substrates, 10 sccm of 

BCl3, 25 sccm of Cl2 and 10 sccm of Ar were used in a plasma etcher at a radio 

frequency power of 450 W and a coil power of 125 W to etch both the silica spheres and 

the sapphire substrates at the same time. To maximize the depth of the corrugated 

structure, the substrate was exposed to the plasma until the silica spheres were 

completely removed. Using this process, hemispheres are formed on the sapphire 

substrate with a periodicity close to the diameters of the silica particles. The corrugated 

structure was characterized using SEM and AFM, and the results are shown in Figure 

7-2A and B. The AFM and SEM images show the quasi-periodic pattern fabricated. The 

diffused ring pattern in the FFT patterns shown in the inset of Figure 7- 2B confirms that 

the grating wave vectors are over all azimuthal directions, allowing outcoupling of the 

SP mode over all azimuthal angles. Figure 7-2C represents the power spectrum of the 

corrugated structure, which shows a nominal periodicity of 260 nm with a full width at 

half maximum of 50 nm, indicating a broad range of grating wave vectors. The SEM 

image in the inset of Figure 7-2A shows the cross-sectional-view corrugated structure of 

the sapphire substrate with a depth of about 80~90 nm which can effectively diffract the 
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SP modes. For direct comparison, green phosphorescent OLEDs were fabricated on 

both corrugated and planar high-refractive-index substrates.  

7.2.2 Device Fabrication and Measurement 

For device fabrication, a sputtering system and a thermal evaporator were used 

for depositing the ITO electrodes and organic layers on both corrugated and planar 

sapphire substrates. The OLED has the following structure: a 120-nm-thick ITO, a 45-

nm-thick TAPC (4,4′-Cyclohexylidenebis(N,N-bis(4-methylphenyl)benzenamine)), a 15-

nm-thick CBP (4,4′-Bis(N-carbazolyl)-1,1′-biphenyl) doped with Ir(ppy)3 (fac-tris(2-

phenylpyridyl)Ir(III)) and, 15-nm-thick TCTA (Tris(4-carbazoyl-9-ylphenyl)amine) doped 

with Ir(ppy)3, a 60-nm-thick 3TPYMB (Tris(2,4,6-triMethyl-3-(pyridin-3-yl)phenyl)borane, 

a 1-nm-thick lithium fluoride (LiF), and a 100-nm-thick aluminum (Al). The emitting area 

of devices is 2 × 2 mm2 for both devices. And they were encapsulated with cover glass 

and UV-curable sealant in a nitrogen-ambient glove box. A sapphire hemisphere lens 

with a diameter of 4 mm and index-matching gel with refractive index of 1.76 were 

attached on the backside of the sapphire substrate for extracting the substrate mode. 

For a conventional glass substrate, a 4-mm-diameter hemisphere macro lens and the 

index matching gel with both refractive index of ~1.5 and were used as well.  

For device characterization, a 10-inch-dimeter integrating sphere (Labsphere) 

with photodiode was used for collecting all photons emitted from the devices driven by a 

source meter (Keithley 2400). EL spectra with and without a linear polarizer were 

recorded with same source meter and a spectrometer (Ocean Optics HR4000). The 

emission profile of the OLEDs was done by mounting the devices on a rotating stage.  
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7.3 Result and Discussion 

7.3.1 Optical Simulation of OLEDs Fabricated on Sapphire Substrate 

To analyze the optical modes in OLEDs fabricated on sapphire substrates, the 

dispersion curve was calculated using transfer matrix method and the results are shown 

in Figure7- 3A. Here, the refractive indices of ITO and Al were taken from our previous 

work and published literatures.[72, 110, 113, 114] For simplicity, the effect of the LiF layer was 

ignored due to the extremely thin layer used (1 nm) compared with other layers and the 

thicknesses of the substrate and the Al layer were considered semi-infinite.[77] The 

calculated dispersion curve shows that only the SP mode can be excited inside of 

OLEDs on high-refractive-index substrates. It should be noted that for the devices 

fabricated on sapphire substrates, the thin-film modes are not present since they are 

coupled into the sapphire substrate, and hence more light is expected to be trapped 

inside the substrate.  

With the presence of an in-plane component of the grating wave vector in the quasi-

periodic corrugated OLEDs, the SP mode can be effectively extracted. Specifically, 

for emitters such as Ir(ppy)3 with an emission wavelength maximum at 515 nm, the 

optimum periodicity of the grating for normal direction diffraction on the SP modes 

was determined to be in the range of 260-270 nm by transfer matrix method.[16, 17] 

Here, we chose silica spheres with a periodicity of 275 nm to fabricate the corrugated 

structure on the sapphire substrates, and the resulting corrugated structure has a 

nominal periodicity of 260 nm.  

7.3.2 Device Characterization 

Figure 7-3B shows the Luminance-Voltage-Current density (L-V-J) 

characteristics of OLEDs fabricated on corrugated and planar sapphire substrates with 
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a macro lens. Thus, total EQE can be obtained by extracting all air mode, substrate 

mode, and waveguide mode.  It is generally believed that the corrugated surface might 

lead to shorting in the devices. However, our data shows that even with a corrugation 

depth of about 80~90 nm, it has no effect on the device leakage current and hence 

shorting is not a problem in our corrugated devices. On the other hand, the corrugation 

does increase carrier injection resulting in a higher current density in the corrugated 

OLEDs. Such an enhancement in current density has been attributed to the thickness 

variation and the enhanced electric field in the organic layers due to the corrugated 

structures.[58, 59] In addition to the increase of current density, Figure7- 3B shows the 

enhanced luminance in the corrugated device due to extraction of the SP mode. Figure 

3C shows both the current efficiency and EQE for devices. The corrugated OLED 

shows a high current efficiency value of 225 cd/A and a high peak EQE value of 63%, 

while the planar device shows 178 cd/A and 52% in peak current efficiency and EQE, 

respectively. Compared to the OLED fabricated on planar sapphire substrates, the 

enhancement is ~25% in both current efficiency and EQE, compared to planar OLED. 

Since both devices were fabricated on sapphire substrates, the thin-film guided mode is 

not present and the enhancement in the corrugated device must be coming from 

extraction of the SP mode. To confirm the enhanced substrate mode, planar OLEDs 

were fabricated on both conventional glass and sapphire substrates. When a macro 

lens was used for the devices, as shown in the inset of Figure7- 3D, 120% 

enhancement in light output was observed from the sapphire substrate while only 70% 

enhancement from the glass substrate was observed, confirming that the enhanced 

substrate mode in the sapphire substrate is attributed to the transfer of the waveguide 
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mode into the substrate mode in devices fabricated on sapphire substrates. As shown in 

Figure 7-3D, the corrugated OLED shows a Lambertian-like emission profile, indicating 

that the outcoupled SP mode is not angular dependent due to the randomly distributed 

grating wave vectors with a broad magnitude.  

To further understand the origin of the light outcoupling due to the corrugated device, 

EL at normal direction were measured on both corrugated and planar devices with the 

macro lens applied, and the results are shown in Figure 7-4A. It should be noted that 

the EL spectra for both devices are almost identical, further confirming the broad 

distribution of the grating wave vectors in the corrugated structure. To verify that the 

enhanced outcoupling is due to Bragg diffraction of the SP modes into the normal 

direction, the enhancement factor of the corrugated OLED, which is the ratio of the EL 

intensity of the corrugated OLED to that of the planar OLED, was measured, and the 

results are shown in Figure 7-4B. This figure shows more pronounced enhancements at 

~500 nm and ~650 nm. To understand the origin of the light outcoupling enhancements, 

we calculated the in-plane propagation vectors of the SP modes by transfer matrix 

method and plotted the grating periodicity as a function of the emission wavelength of 

the outcoupled light as shown in Figure 7-4C. Considering a nominal periodicity of 260 

nm in the corrugated structure, the first order (m=1) diffraction for the SP mode is 

responsible for the enhancement at wavelengths of ~500 nm. Similarly, the second 

order diffraction for the SP mode is responsible for the enhancement at wavelengths of 

~650 nm as indicated in the blue region in Figure7-4C. Thus, the strong enhancement in 

outcoupling at these two wavelengths from the corrugated OLED is a direct evidence of 

SP mode extraction via the first- and second-order diffractions. Additionally, we also 
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performed polarized EL measurements to determine the enhancement factor of the 

transverse magnetic(TM)- and transverse electric(TE)-polarized modes of the EL 

emission, and the results are shown in in Figures7-4D and E. Generally, the excitation 

of the SP mode comes from the incident TM-polarized light on the metal-organic 

interface. As expected, the enhancement factor regarding TM polarization of the 

corrugated OLED from Figure 7-4D show a similar wavelength dependence compared 

to the data measured without the polarizer as shown in Figure 7-4B, satisfying the first 

and second order diffraction conditions. However, similar enhancements were also 

observed from the TE-polarized EL as shown in Figure 7-4E. Since the ITO/organic 

mode (TE mode) is not expected to be present in devices fabricated on sapphire 

substrates, the enhancements of the TE polarized light is due to polarization conversion 

resulting from diffraction in a quasi-periodic structure. This so-called conical diffraction 

[115, 116]  from quasi-periodic structure has been previously reported in corrugated 

OLEDs.[96] Due to the randomly-oriented grating wave vectors in all azimuthal angles, 

diffraction can convert the polarization from TM-polarized light to TE-polarized light, 

further confirming the extraction of the SP mode.   

7.4 Summary 

In summary, the outcoupling of thin-film guided mode and SP modes were 

demonstrated with OLEDs fabricated on high-refractive-index corrugated substrates. 

With a macrolens to extract the substrate and thin film guide modes, the resulting 

OLEDs have a very high external quantum efficiency of 63 % and a current efficiency of 

225 cd/A. With the nature of corrugated structure with broad periodicity for OLEDs, the 

light extraction enhancement is independent of wavelength and the emission profile is 
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similar to a Lambertian emitter, demonstrating that this device is promising for OLED 

lighting applications. 
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Figure 7-1. Schematic diagram of the fabrication process for the quasi-periodic 

hemisphere pattern sapphire substrate. 
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Figure 7-2. SEM and AFM characterization on the corrugated sapphire substrate with 

nominal periodicity of 260 nm; A) top-view of SEM image on corrugated 
sapphire substrate, (Inset: cross-section view of the nanostructured sapphire 
substrate and it shows an optimized corrugation depth of 80~90 nm), B) AFM 
image of the corrugated sapphire substrate fabricated with 275-nm-diameter 
silica spheres (Dimensions, 5 × 5 μm2), (inset: Fast Fourier Transform (FFT) 
pattern of the corresponding image), C) power spectra from FFT as a function 
of periodicity for the pattern with  nominal periodicity of 260 nm with a full 
width at half maximum (FHMW) of 50 nm, indicating a broad distribution of 
the periodicity. 
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Figure 7-3. Optical and electrical characteristics of OLED fabricated on corrugated and 

planar sapphire substrates; A) dispersion curves calculated by transfer matrix 
method. (the solid lines represent the light lines for air and sapphire substrate 
modes), B) L-V-J curves for both plain (black) and corrugated (red) OLEDs, C) 
current efficiency (cd/A) and EQE (%) for the 260-nm-periodicity grating (red) 
and reference (black) devices D) Angular measurements in normal direction 
for both OLEDs with planar (black) and corrugated structures (red), (for 
comparison, the ideal Lambertian pattern (green) is plotted as well), Inset: 
substrate mode extraction of devices fabricated on both planar glass (dot) 
and sapphire (dash) substrates by a macro lens and more light output from 
the sapphire substrate by the substrate mode extractor indicates that the 
power of the waveguide mode is transferred to the substrate mode. 
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Figure 7-4. EL at normal direction for corrugated and planar OLEDs fabricated on 

sapphire substrate; A) EL spectra for both OLEDs with planar (black) and 
corrugated structures (red) measured in normal direction, B) EL intensity 
enhancement ratio between planar and corrugated OLEDs, plotted by dividing 
the EL spectrum of the grating device by that of the planar device, indicating 
that stronger enhancements at ~500 nm and ~650 nm are due to first-order 
(m=1) and second-order (m=2) diffraction, respectively, C) grating periodicity 
for normal direction diffraction on the SP mode as a function of emission 
wavelength, (first- (black) and second-order (red) diffraction condition are 
satisfied by distributed periodicity of 260 nm grating structure (blue 
rectangular box)), D) and E) enhancement ratio of EL intensity of TM- and 
TE-polarization.  
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CHAPTER 8 
LIGHT EXTRACTION OF CORRUGATED OLEDS WITH REFRACTIVE INDEX 

CONTROL 

8.1. Review and motive 

Organic light-emitting diodes (OLEDs) have been the focus of significant 

development over the past 30 years. Due to their attractive characteristics such as color 

quality, fast response, flexibility, and low-cost processing, OLEDs are recognized as 

promising candidates for the next-generation light sources. Although intensive research 

has resulted in the OLEDs with 100% internal quantum efficiency, the 20~30% 

outcoupling efficiency still remains as the biggest challenge.[13, 17, 18]  

Substantial amount of efforts have been devoted to increase the light outcoupling 

efficiency. In particular, by sand-blasting or attaching a microlens array or a light 

extraction film to the reverse side of the substrate has led to efficient and effective 

extraction of the light rapped in the substrate.[38, 40, 43] To recover the light confined and 

guided in a high-index indium tin oxide and organic layers in OLEDs, also known as 

waveguide mode,  corrugated structures, photonic crystals, low-index grids, anisotropic 

dipole orientation, and double-side transparent electrodes have been introduced.[48, 52-55, 

58-60, 85, 110, 117, 118] In particular, the corrugated structures incorporating with Bragg 

diffraction have been exploited as an effective approach to recover the power loss to the 

waveguide mode. Like photonic crystal structures, the corrugated Bragg grating 

structure can extract the thin-film mode guided by the glass/ITO interface by forming the 

photonic band gap composed of micro-scale periodic change of refractive index. In 

addition, the periodically corrugated metal can outcouple the SP mode associated with 

organic/metal interface by modifying the in-plane wave vector component of SP mode 

via Bragg grating diffraction. Recently, corrugated structures with broad distributions of 
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periodicity can even provide the enhanced light extraction efficiency with independence 

on both emission spectrum and angle, thereby enabling this technique practical for 

white OLED applications.[58] The availability of simple fabrication processes and large-

area compatibility of corrugated structures are additional advantages.[59, 60] However, it 

is believed that most of the enhancement from the corrugated structure can be 

attributed to the SP mode extraction.[69, 96] First, the location of the grating structure is 

very important for outcoupling of the waveguide mode. Given that grating efficiency 

depends on the strength of the electric field intensity of the waveguide mode in the 

grating region. However, the maximum electric field intensity of the SP mode is located 

within the metallic grating region, while the electric field intensity of the thin-film 

waveguide mode (ITO/organic mode) is maximum at the center of the ITO layer and is 

much weaker in the ITO/substrate grating region, making effective diffraction 

outcoupling of the ITO/organic mode difficult . Secondly, the refractive index contrast 

between the substrate (typically glass with refractive index of 1.52) and ITO layer (n~1.8) 

in the corrugated structures is not large enough to induce strong diffraction efficiency on 

the ITO/organic mode.[69, 87]  

In this study, we evaluate the light extraction efficiency of each ITO/organic mode 

and SP mode using quasi-periodic corrugated grating OLEDs with first and second 

antinode conditions. Furthermore, we suggest a scheme to improve the corrugated 

structure for OLED light extraction by using a low-refractive-index layer, LiF, inserted 

between the conventional glass substrate and ITO layer. The enhanced contrast in 

refractive index between the LiF and ITO provides higher diffraction efficiency with 

better outcoupling of the ITO/organic mode, resulting in 61% enhancement in efficiency, 
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compared to planar OLEDs. With an additional substrate mode extractor, we were able 

to present a corrugated green phosphorescent OLED with extremely high efficiency 

(210 cd/A and 67% EQE) and without deterioration of original emissive spectrum. 

8.2 Experimental Procedure 

As described in Chapter 7, a corrugated structure with a nominal periodicity of 

500 nm was fabricated on sapphire substrate. By depositing 0.5-μm-diameter silica 

spheres on the sapphire substrate, hexagonal-close-packed (HCP) silica monolayer 

array was formed with self-assembly characteristics. Using the array as a sacrificing 

mask for the inductively coupled plasma reactive ion etching process (ICP-RIE), the 

corrugated structure with periodicity corresponding to the diameter of silica particle was 

finally obtained and detailed experimental conditions can be found in Experimental 

section. Since the diffraction efficiency is highly sensitive with corrugation depth, we 

controlled the etching time to give an optimum depth of 70~80nm, which can expect 

effective outcoupling of the waveguide mode and avoid the electrical shortage in OLEDs 

due to the corrugated surface during device operation.  

To fabricate the corrugated structure on the conventional glass substrate, a 

polydimethylsiloxane (PDMS) stamp was first prepared using the corrugated sapphire 

substrate as a template. After a drop of UV-curable resin was placed on the planar 

glass substrate, the stamp was applied on top of the substrate. After UV treatment and 

removal of the PDMS stamp, the corrugated resin (n=1.52) structure fabricated on 0.1-

mm-thick glass was used for the corrugated grating OLEDs. For comparison, planar 

resin-coated glass substrates were used for planar reference OLED. 

Figure 8-1 shows the atomic force microscopy (AFM) images of the corrugated 

structure fabricated on the resin-coated glass substrate and corresponding periodicity 
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and depth profile. Although the corrugated structure shows HCP array in short range 

order, the break of long range HCP structure inevitably introduces broadening of the 

periodicity and random-orientation. The line profile in the AFM image showed that the 

periodicity in the local HCP areas was 0.5 μm, which is the same as the diameter of 

silica particles used for the fabrication process. However, lack of long range order of 

HCP symmetry suggests that periodicity was rather distributed around the main 

periodicity of 0.5 μm. The depth of the resin corrugated structure on the glass substrate 

was 70~80 nm, which was the same as that of the corrugated sapphire template, 

indicating exact transfer of the structure. 

8.2.2 Device Fabrication and Measurement 

For device fabrication, a 90-nm-layer of LiF was deposited on the corrugated and 

planar structures on the substrate using a thermal evaporator. ITO electrode and 

organic layers for OLED device were fabricated by sputtering and the same thermal 

evaporator. The emitting area of devices were 2 × 2 mm2 for both corrugated and planar 

devices. They were encapsulated with cover glass and UV-curable sealant in a 

nitrogen-ambient glove box before measurements.  

For device characterization, a black box mounted with a calibrated photodiode 

was used for collecting forward direction light emitted from the devices driven by a 

source meter (Keithley 2400). And Minolta LS200 as luminance meter was used for 

calibration. EL spectra were recorded using a spectrometer (Ocean Optics HR4000) 

with same source meter at 0.1 mA/cm2 for all devices. The emission profile of the 

OLEDs was measured by mounting the devices on a rotating stage with the 

spectrometer located at fixed position. For substrate mode extraction, a 4-mm-diameter 
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fused silica hemisphere macro lens and the index matching gel with both refractive 

index of ~1.5 (Norland 81) were used. 

Simulation: the software Setfos 3.4 was used for calculating the efficiency as a 

function of ETL thickness for Irppy3 emission wavelength based on classical dipole 

theory and Fresnel equation by numerical computation. 

8.3 Result and Discussion 

8.3.1 OLED Configuration. 

To improve the diffraction efficiency on the thin-film guided mode, a 90-nm-thick 

layer of lithium fluoride (LiF) was deposited on the corrugated substrate prior to the 90-

nm-thick anode ITO deposition process. Because of the low refractive index of the LiF, 

1.39, the higher contrast between the LiF and ITO (n~1.8) from the corrugated grating 

OLED was expected to further extract the thin-film guided mode, compared to the index 

contrast between the glass (n=1.52) and ITO layer in conventional corrugated OLEDs.   

For OLED configuration, we designed the OLEDs with first and second antinode 

conditions for peak emission wavelength at 515 nm based on the simulation result using 

the commercially-available software, Setfos, taking into account classic dipole theory 

and Fresnel reflection. As shown Figure 8-2A, the calculated optimum out-coupling 

efficiency (air mode) can be achieved by locating the emitting molecules at the 

antinodes ( first or second ) of the electromagnetic field from the metallic reflector by 

simply changing the thickness of the electron transporting layer (ETL) in the bottom-

emitting architectures of OLEDs. When the emitter is located at the first antinode, (~60 

nm of ETL in OLED), it was calculated that the fraction of power lost to thin-film mode is 

similar to the fraction lost to the SP mode. However, in the second antinode condition, 

(~240 nm of ETL in OLED), from Figure 8-2A, the power fraction of the SP mode 

101 
 



 
 

decreases exponentially as the thickness of ETL increases, whereas that of the thin-film 

guided mode increases and becomes dominant. In other words, the OLEDs constructed 

on first and second antinode conditions have similar outcoupling efficiency (air mode) 

but totally different waveguide mode conditions. For first antinode, both thin-film mode 

and SP mode are produced, but second antinode condition, it has only thin-film guide 

mode. By incorporating the corrugated grating structure with these two different OLED 

configurations, direct evaluation of the diffraction efficiency on the thin-film mode and 

SP mode in OLEDs can be possible.  For OLED fabrication, the following layer were 

deposited for both OLEDs with two different optimized conditions: a 45-nm-thick TAPC 

(4,4′-Cyclohexylidenebis(N,N-bis(4-methylphenyl)benzenamine)) as HTL, and a 15-nm-

thick CBP (4,4′-Bis(N-carbazolyl)-1,1′-biphenyl) doped with 12 wt.% Ir(ppy)3, and a 15-

nm-thick TCTA (Tris(4-carbazoyl-9-ylphenyl)amine) doped with 12 wt.% Ir(ppy)3 as 

double  EML. For the ETL configurations, we used a 55-nm-thick 3TPYMB (Tris(2,4,6-

triMethyl-3-(pyridin-3-yl)phenyl)borane for first antinode devices, as shown in Figure 8-2 

B. And for second antinode OLED, as shown in Figure 8-2C, we deposited a 20-nm-

thick 3TPYMB and a 220-nm-thick Cs-doped 3TPYMB as ETL to avoid potential issues 

related to the distortion of charge balance between hole and electron charge carriers 

and high power consumption of device operation. For cathode electrodes, 1-nm LiF and 

100-nm aluminum (Al) were deposited for both first and second antinode OLEDs.   

8.3.2 Corrugated First Antinode OLEDs 

The current densities (mA/cm2) and luminances (cd/m2) for devices constructed 

for the first antinode condition are plotted as a function of applied voltage in Figure 8-

3B. For corrugated grating devices with the low-index  LiF interlayer (LiF-grating) and 

without LiF interlayer (grating), the current densities are higher than that of the 

102 
 



 
 

reference planar OLED at a fixed voltage. The enhanced current is attributed to the 

stronger electric field induced by the locally thin organic layer in corrugated structure.[69] 

The leakage currents of corrugated devices before the turn-on voltage are close to 

those of two planar devices, indicating that 70~80 nm depth of corrugated structure 

does not degrade the electrical properties of OLEDs.  For optical characteristics, both 

grating devices show higher luminances because of the outcoupling of the trapped light 

in the high-index organic/ITO layers via Bragg diffraction. The electroluminescence (EL) 

measurement in the normal direction is shown in Figure 8-3C. According to Bragg 

diffraction, the grating wave vectors modify the in-plane wave vector component of the 

waveguide mode so that it can be coupled out into an air mode. The grating wave 

vector is inversely proportional to the periodicity of the grating structure.[58] Thus, the 

distributed grating wave vectors induced by the periodicity with broad distribution are 

eventually applied on the waveguide mode with broad range of emission wavelengths. 

As a result, the spectrum shift from the original emission profile is not severe, as shown 

in Figure 8-3C. The current efficiency (cd/A) plotted as a function of luminance is in 

Figure 8-3A, showing that both corrugated grating devices have higher efficiencies in all 

range of luminances compared to the planar devices. Table 8-1 shows the peak current 

efficiency for LiF-grating, grating, LiF-planar, and planar reference devices. The planar 

OLED with the low-index layer does not show any difference in efficiency compared to 

that of the planar reference device without additional LiF layer. Furthermore, the 

electrical and optical characteristics of the planar OLED structures from Figure 8-3B are 

almost identical, indicating that adding the LiF layer does not affect the device 

performance in the planar OLED structures. However, the corrugated OLED with the LiF 
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interlayer shows higher efficiency compared to the device without the LiF layer (peak 

efficiency of 144 and 127 cd/A for LiF-grating and grating devices). Compared to 89 

cd/A for the reference devices, there is 61% enhancement in the efficiency for the LiF-

grating device, while the conventional grating devices show only 43% enhancement. 

The extra 18% enhancement from the LiF-grating device indicates that the enhanced 

refractive index contrast improves diffraction efficiency upon the waveguide mode. 

However, the origin of the extra enhancement is still not clear, because the outcoupling 

of ITO/organic mode by the broadly distributed grating wave vectors is difficult to 

differentiate from the outcoupling of the corresponding SP mode. 

8.3.3 Electric-Field Intensity Distribution of Waveguide Modes for First Antinode 
Corrugated OLEDs 

To determine possible optical environment variations due to the introduced low-

index layer, the electric field intensities for transverse electric (TE) and transverse 

magnetic (TM) waveguide modes were calculated for planar OLED devices with and 

without the LiF interlayer by the transfer matrix method, as shown in Figure 8-4A and B. 

For the simulation, thickness and refractive indices of all layers consisting of the OLEDs 

were used for the calculation and taken from our previous work in Chapter 7. 

For both devices, SP (TM0) mode associated with organic/cathode interface 

shows significantly high electrical field intensity at that interface, while the maximum 

intensity of the ITO/organic (TE0) mode is broadly distributed about ITO layer with 

relatively small magnitude. Since the diffraction efficiency is proportional to the location 

and the intensity of the electric field, strong SP mode outcoupling via grating diffraction 

is expected. From the optical perspective, the presence of the LiF interlayer between 

the glass substrate and ITO layer for both devices does not affect the SP mode. 
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Because of the higher contrast in refractive index between LiF (n=1.39) and ITO (n~1.8) 

compared to glass (n=1.52) and ITO (n~1.8) it was expected that the ITO/organic 

guided mode (TE0 mode) would be more confined to the ITO/organic layer. However, it 

was not the effect significant due to the small variation in refractive index. Thus, the 

outcoupling efficiencies from both planar devices with and without LiF interlayer are 

similar, as shown in Figure 8-3A. 

8.3.4 Corrugated Second Antinode OLEDs 

As described earlier, in the second antinode condition, where the emitting source 

is located far from the metallic interface, the power fraction dissipated to SP mode 

excitation becomes almost negligible. Therefore, the ITO/organic mode confined by total 

internal reflection at the ITO/glass interface can be excited only in the high-index 

ITO/organic layers in such condition. By outcoupling only the ITO/organic mode with the 

corrugated grating structure, direct evaluation of the diffraction efficiency for the 

ITO/organic mode as a function of the index contrast can be achieved using second 

antinode condition and Figure 8-5A shows the performance of devices with different 

refractive index contrast. Similar to the corrugated OLED with first antinode condition, 

the leakage currents for corrugated devices are well controlled, showing no such 

difference in current density before turn-on voltage. The LiF-grating OLED shows the 

maximum efficiency of 126 cd/A while the conventional grating OLED without the LiF 

interlayer shows an efficiency of 113 cd/A (Figure 8-5B). It must be emphasized again 

that the general device efficiency of second antinode corrugated system is lower than 

that of first antinode condition, because the diffraction efficiency related to SP mode 

outcoupling in the first antinode is stronger due to the strong reflection of the corrugated 

metallic structure. We also eliminated the possibility that the reduced corrugated depth 
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of the second antinode grating OLED may cause relatively lower efficiency by 

confirming that the corresponding AFM image does not show any significant difference 

with the corrugated OLED with first antinode condition.  

Compared to the current efficiency of the reference planar second antinode 

OLEDs (90 cd/A), the enhancement ratio for the LiF-grating and grating OLEDs are 

40% and 25%, respectively. The extra 15% enhancement for the second antinode LiF-

grating device is fairly consistent with that of the LiF-grating device with first antinode 

condition, indicating that the improved diffraction efficiency of the thin-film guided mode 

is a result of the higher index contrast between LiF and ITO. 

8.3.5 Full Extraction with Extra Substrate Mode Extractor for First Antinode 
OLEDs 

To evaluate the total light outcoupling efficiency, we also used a hemispherical 

lens on the back side of the substrate for extracting the substrate mode. To make 

coherent contact between the lens and substrate, an optical matching gel with refractive 

index of 1.5 was applied between them. Figure 8-6A shows the angular intensity for the 

LiF-grating and grating devices with and without the lens. It clearly shows that with the 

lens about 50% additional enhancement is achieved from both corrugated OLEDs. 

Compared to the Lambertian distribution, which is a measure of uniform light output as 

a function of polar angle, both corrugated OLEDs show stronger enhancement with 

macro lens attachment at around 20~30⁰ This corresponds to the first-order diffraction 

angle for the waveguide mode around the emission peak at 515 nm by the 0.5 μm peak 

periodicity of our corrugated structure. OLEDs fabricated on conventional photonic 

crystals or gratings having well-ordered symmetry show emission profiles with a 

distinctive butterfly pattern.[69, 85] However, our OLEDs fabricated on corrugated 
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structures with random-orientation and broad distribution of periodicity do not show any 

particular emission angle dependence. From Figure 8-6B, the EL spectra of both 

corrugated devices show as similar to that of the planar reference devices, indicating 

that the enhancement is not limited to certain emission wavelengths.  

To calculate the outcoupling efficiency for the corrugated devices with a macro 

lens substrate mode extractor, the Lambertian correction factor was also considered, 

because the angular pattern of both grating devices is slightly deviated from Lambertian 

pattern.[119]. Finally, we calculated the total outcoupling efficiency, as shown in Table 8-2, 

the peak current efficiency of 210 cd/A and EQE of 67% for the first antinode LiF-grating 

device with the substrate mode extractor is the highest efficiency reported so far among 

the conventional bottom-emitting OLEDs fabricated on the conventional glass substrate.  

8.4 Summary 

In conclusion, we evaluated the outcoupling efficiency enhancement of each thin-

film mode and SP mode using OLED configurations with first and second antinode 

conditions. Furthermore, we demonstrated that controlling the index contrast for the 

corrugated grating structure in OLEDs can increase the diffraction efficiency of the 

ITO/organic waveguide mode. Addition of the low-index LiF layer between the glass 

substrate and the ITO layer resulted in total 61% enhancement in light outcoupling of 

the device. By using an additional substrate mode extractor, we were finally able to 

produce a corrugated green phosphorescent OLED fabricated on a conventional glass 

substrate with extremely high efficiencies of 210 cd/A and 67% EQE.  
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Figure 8-1.  AFM image of the top view and the depth of the corrugated resin structure 

fabricated on the glass substrate; the nominal periodicity of 500 nm was 
observed from the corrugated structure and its depth was 70~80 nm 
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Figure 8-2. Simulated power distrbution as a function  of ETL thickness; A) simulated 

efficiency characteristics with single-frequency of 515 nm as a function of ETL 
thickness by clasiccal dipole thoery method, (around 60 and 240 nm of ETL 
(first and second antinode condtion, B) first- and, C) second-antinode OLED 
configurations for fabricated devices.  
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Figure 8-3. Electrical and optical charateristics of corrugated OLED with first antinode; A) 

Luminance-Voltage-Current density, B) current efficiency curves, and C) EL 
spectrum at normal direction for HC-, LC-grating, LiF-planar and planar 
reference devices with first antinode condtion.  
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Table 8-1.The maximum current efficiency of corrugated OLED with first antinode 
condition 

Devices 
Planar 
reference 

a 

Planar with 
LiF Grating LiF-grating 

Peak current efficiency  
[cd/A]  89 89 127 144 

Enhancement 
[%]    43 61 

a The enhancement percent is based on the planar reference device. 
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Figure 8-4. Electric field intensities of  one SP(TM0) mode and one ITO/organic (TE0) 

mode mode as a function of the position inside of the devices; A) with and B) 
without the 90-nm-thick LiF interlayer calculated by the transfer matrix method.   
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Figure 8-5.  Electrical and optical characteristics of second antinode corrugated OLEDs; 

A) Luminance-Voltage-Current density and B) current efficiency curves for 
HC-, LC-grating, LiF-planar and planar reference devices  

 

 

 

 

 
Figure 8-6. Angular distribution of corrugated OLEDs with first antinode with and without 

macro lens; A) angular intensity measurement for first antinode grating 
devices with and without a substrate mode extractor and B) EL spectrum of 
devices measured at normal direction with macrolens 
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Table 8-2. The maximum current efficiency and EQE from the LC- and HC-grating 
devices with an additional macrolens    

Devices Substrate mode 
enhancement factor a 

Peak current 
efficiency 

[cd/A] 

Peak EQE 
[%] 

Grating  1.48 187 53 

LiF-grating  1.46 210 67 
a Substrate mode enhancement factor can be obtained by the ratio between the EL 
intensity of OLED with and without a macrolens applied. 
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CHAPTER 9 
CONCLUSIONS 

 Light extraction has been a key factor to determining the efficiency of OLEDs 

because the TIR generated by refractive index mismatching between air (n=1), 

substrate (n=1.52 for glass), and ITO/organic layers (n=1.7~2) can only allow 20~30% 

of light to escape the device and contribute as useful light source. Especially, for the 

light trapped and guided in high-index ITO/organic layers, light extraction techniques 

using corrugated structures have shown effective outcoupling characteristics of the light 

lost to the waveguide mode. In this study, we were able to understand the light 

extraction mechanism of quasi-periodic corrugated grating structure in OLEDs and also 

developed new fabrication technique with simple and low-cost process for the pattern 

structure.  

We fabricated the corrugated HCP array with silica particles embedded in the PS 

layer on glass substrate using LB-based methods. By introducing the defects in HCP 

array, the break of long-range order of HCP symmetry provide the broadening of 

periodicity and diffraction direction in all azimuthal angle for the diffraction of the 

waveguide mode in OLEDs. Varying the size of silica particles and the depth of PS layer 

in the silica/PS corrugated structure, we were able to control the peak periodicity and 

depth independently to optimize the light extraction enhancement in OLEDs. Because of 

distributed periodicity in the structure, the enhancement by the outcoupled waveguide 

mode in visible emission wavelength was fairly uniform and did not show such particular 

angular dependence. Also, by using distributed periodicity around 0.5 um in corrugated 

structure in OLEDs, the outcoupling of waveguide mode was realized with 70% 

enhancement in current efficiency, compared to 35% enhancement in OLEDs using 1 
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um periodicity. By generating large enough grating wave vector from 0.5 um periodic 

structure, the direct outcoupling of waveguide mode was demonstrated, while 1 um 

periodicity was not sufficiency enough to provide the direct outcoupling of the 

waveguide mode.    

Second, we studied corrugated OLEDs with two different substrates: normal 

glass and sapphire substrates. Using sapphire substrate with refractive index of 1.76, 

the optical interface between substrate and ITO can be eliminated. Thus, the thin-film 

guide mode is no longer present in OLEDs. Furthermore, the SP mode was outcoupled 

by corrugated metal surface due to the diffraction mechanism. We were able to 

demonstrate the green phosphorescent OLED with efficiency of 63% EQE using both 

corrugated structure and substrate-mode-extracting macro lens. Compared to 50% EQE 

from planar OLED fabricated on sapphire substrate with substrate mode extractor, 25% 

of enhancement is directly contributed from SP mode outcoupling.       

Finally, we studied refractive index contrast effect between substrate and ITO in 

corrugated OLED efficiency. Since the diffraction outcoupling from thin-film guide mode 

is relatively limited due to the low contrast in refractive index between glass and ITO, 

the larger contrast using LiF with refractive index 1.39 between glass and ITO can 

provide better extraction of the thin-film guide mode in corrugated OLEDs. Attaching the 

macro lens for extracting the substrate mode, we were successful to fabricate 

corrugated grating OLED on conventional glass substrate with efficiency of 67% EQE, 

which is highest efficiency reported so far.   
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