
ABSTRACT 

AMOAH, STEPHEN. Nano- and Micro- Structures for Light Manipulation in Organic Light-

Emitting Diodes. (Under the direction of Dr. Franky So). 

 

Organic Light Emitting Diodes (OLEDs) have revolutionized the display and lighting 

industry.  OLEDs provide a strong emission color gamut, flexibility with lightweight substrates. 

However, there are still issues that need to be addressed such as efficiency enhancement and 

lifetime.  This work addresses   light outcoupling method and directional beam shaping in 

OLEDs. The first section of this dissertation examines the relationship between device 

performance and configuration in OLEDs and proposes promising optical and electrical designs 

for enhancing device performance. Guidelines for reducing optical losses are discussed and a 

road map to a high efficiency top emitting OLED (TEOLED).  

Next, a novel method of extracting trapped light from TEOLED. The light outcoupling 

efficiency of a TEOLED is only 23% due to the waveguide modes and surface plasmon polariton 

(SPP) modes. Extracting the trapped modes can reduce the device power consumption and 

improve the operating lifetime. A top emitting OLED structure with a dielectric spacer to 

suppress the SPP mode and a patterned back mirror to extract the waveguide modes is 

demonstrated. Several nano- and micro-patterns are examined and conclude that a micro mirror 

array (μMA) with a 100% fill factor can most efficiently extract the waveguide modes while 

minimizing the absorption loss. The optimized μMA device with a highly transparent top Mg: 

Ag electrode shows 36% external quantum efficiency (EQE), 2 times higher than the non-

patterned device. The embedded design can be easily incorporated into OLED manufacturing 

and has great potential for display and large area lighting panels. 

The following section outlines a beam shaping method of OLEDs. Typical OLED 

devices emit light with a Lambertian profile, but in applications such as vehicle headlights, 



virtual reality displays and projected displays, high intensity collimated light is needed. In this 

work, a directional emission in OLED using a hemi-sphere reflective microlens is demonstrated. 

The design increases the forward brightness by 2.4 times compared to a conventional OLED. 

Optical simulations are used to show the optimal aspect ratio of the pixel to mirror size. With a 

parabolic mirror, the forward brightness is increased, and the emission direction can be tuned by 

adjusting the parabolic mirror axis. This research paves the way to achieve inexpensive mass 

producible collimated emission in novel display media and lighting. 
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CHAPTER 1: INTRODUCTION TO ORGANIC LIGHT EMITTING DIODES 

1.1 Introduction 

1.1.1. Organic Light-Emitting Diodes 

The concept of organic light emitting diode (OLED) has existed for more than three 

decades. After the first demonstration of efficient OLED by Tang in 1987, many research studies 

investigate the OLEDs1. These works of research involve chemical engineering, device structure 

designs from electrical and optical aspects, working mechanism exploration, and also stability 

enhancement. These works of analysis also include processing techniques for the production of 

these diodes. The 1st generation OLED had an external quantum efficiency (EQE) of less than 

1%2. They also had a short lifetime of just 100 hrs. Currently, the OLED technology has 

improved to include multiple colors with efficiencies greater than 30%. The lifetime is now 

millions of hours which proves the technological development that has occurred. Because of the 

improved efficiency, fabrication technology, and lifetime, the OLED techniques are now a 

significant part of the industry and currently in our lives3. From displays to lighting applications, 

televisions, laptops, and cellphones, it is now hard to eliminate the impacts of OLEDs in our 

lives. It is easy to find devices with OLED panels due to their immense and increasing usage in 

daily lives. This structure has changed over time to include a sandwich appearance with the 

anode and cathode forming the outermost parts (see Figure 1.1.1) Upon applying a specific 

positive bias, the cathode injects electrons into the device and diffuses in the EML through the 

electron transporting layer (ETL). The anode also injects holes into the device and diffuses in the 

emission layer (EML) as they pass the hole transporting layer (HTL). Holes and electrons 

recombine in the EML, form excitons and emit light through radiative decay4. Other function 

layers have also been introduced into the structure of the device for better performance. For 
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example, the hole injection layer (HIL) and the electron injection layer (EIL) help overcome the 

energy barriers while assisting the charge injections originating at the electrodes to the transport 

layers5,6. The blocking layers for the exciton confinement and the enhancing layers to balance the 

charge are also parts of the device. 

 

 

Figure 1.1 Convectional diagram showing the structure of a typical OLED structure and the 

charge transport in the device. Electron and hole charge injection into the lowest unoccupied 

molecular orbit (LUMO) and highest occupied molecular orbit (HOMO) of organic solids in an 

OLED device. 

 

1.1.2. Applications 

The most familiar OLEDs application is still phones and TVs. However, the future 

promises to ramp up these applications as the technology develops and prices become 

competitive to rival the older LCD technologies. The OLED technology is a newly developing 

field compared to the long-established inventions such as LCD7. In general, the OLED displays 
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can work anywhere where there are LCDs. This includes TVs, MP3s, computer screens, and 

mobile phone displays. OLEDs can be found in the latest devices such as the LG Smart TV and 

iPhone 12 (Figure 1.1.2) The OLED technology proves a bright future because they are bright, 

thinner, and have better color reproduction. This places them in a very promising position for 

many devices and applications in the future. Inanimate billboards can be inexpensive when 

OLEDs are used8. It is also possible to develop super-thin pages in electronic magazines and 

electronic books. The future is speculative in that it is possible to have wall paintings, folding 

displays in tablets, and clothes that change colors and patterns, among others. 

 

 

Figure 1.2 Consumer products with an OLED display. (a) LG Smart TV, (b) iPhone 12 

 

The technology giant Samsung began the use of OLED technology in its TVs in the year 2013.  

The company also introduced the same technology in their Galaxy smartphones in 2014. Apple 
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Inc. was the original leader in the smartphone market but is now lagging in OLED technology. It 

is only recently that Apple has embraced the technology. This led to the company launching the 

Apple Watch with an OLED display in 2015. It was presumed that the company did not want to 

venture into OLEDs because it initially used high-strength glass. However, OLEDs show more 

flexibility and thinness. This allows more excellent room for the device to hold other 

components and improve power consumption efficiency. This places them in a better position 

compared to LCDs and conserves battery life. The iPhone X was the first Apple smartphone 

device to have an OLED display in 20179,10. Consumers are still less enthusiastic about mobile 

phones containing OLED screens despite the hype. The main reason is the significantly lower 

prices of the LCD devices. 

 

1.2. Electroluminescence mechanisms of Emitters 

1.2.1. Fluorescence 

The EML is the primary emission layer and is very important to this case, drawing 

profound studies. The standard EML design has a host and a guest material. The host materials 

typically have wide bandgaps, whereas the guest materials have a small bandgap. This bandgap 

in the host materials serves as a charge transport matrix and the exciton generation11. The guest 

serves as the emitter and is uniformly and slightly doped in the host. The emitter in the host has a 

doping ratio ranging from 1 to 10%. The motion of the generated excitons to the emitter guest 

results from either the Dexter or the Forster energy transfer processes from the host. The excitons 

then follow a radiative decay at the emitter, which then emits light. The emitter has a small ratio 

at the EML and is specifically designed to dilute the exciton density while avoiding exciton 

quenching to increase the device efficiency15. Emitters are the most critical OLED device 
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components and determine the efficiency via different mechanisms of emission. An exciton 

might have two possible spin states when it forms at the ground state (S0). Upon electrical 

excitation, the spin-statistics also show a 0.25 spin probability when it begins at the singlet 

excited state (S1) and a probability of 0.75 when it forms at the triplet excited state (T1). 

The two electrons have opposite spins similar to the ground state when they are at the 

singlet excited state and have a total spin equal to 0. Hence, the singlet relaxes to the ground state 

quickly as radiative decay occurs without any spin transition. The two electrons become unpaired 

at the triple excite state and have two parallel spins, which give a total spin value of S=1. The 

ground and the triplet states have different spin directions, which means that there is a forbidden 

spin transition blocking the radiative relaxation of the triplet to the ground state16. Fluorescence 

is the emission mechanism from the singlet excitons relaxation as only 25% of the total excitons 

are used. The first OLED device used an Alq3 in place of its emitter. Alq3 is fluorescent. The 

device efficiency is low since the rest of the 75% of excitons do not join emission. 

 

1.2.2. Phosphorescence 

1998 was a year of breakthroughs in improving the OLEDs efficiency as the first OLED 

was developed with a phosphorescent emitter. This emitter is made of 2,3,7,8,12,13,17,18-

octaethyl-21H,23H-porphine platinum(II) (PtOEP). A heavy metal component is introduced in 

the porphine complex full of triplet and singlet states overlapping vibrational levels. The strong 

spin-orbit coupling means that there are similarities between the singlet character and the spin 

transition. Hence, the singlets are transferable to the triplet excited state across the intersystem 

crossing process (ISC) as the triplets go through the process of radiative decay while relaxing to 

the ground state. This relaxation emission mechanism of the triplet excitons is phosphorescence 
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and has 100% excitons utilization17. The device efficiency largely improves due to this emission 

mechanism. Because of the triplets' spin transition, they usually have a longer lifetime (~μs) than 

the singlet (~ ns). 

 

1.2.3. Thermally activated delayed fluorescence (TADF) 

This is an alternative efficiency mechanism to counter the drawbacks of phosphorescent 

OLEDs. Their main disadvantage is that they tend to form heavy metal elements at the emitter 

molecules. Heavy metal elements, including platinum and iridium, are essential to the 

phosphorescent emitter as they introduce the spin-orbit coupling effect. Nevertheless, these rare 

metal elements are expensive, making the production of such devices inefficient and costly.  

Hence, an alternative emission mechanism is required. Chihaya Adachi developed TADF12. The 

emitter in this device is dependent on the singlet emission. This means that there is no induction 

of spin-orbit coupling. Also, the TADF emitters show a 100% efficiency when it comes to using 

the total excitons. There is a tiny energy gap between the T1 and the S1 in TADF. Through the 

reverse intersystem crossing (RISC), the triplet excitons up-convert back to the singlet state due 

to thermal activation. Delayed fluorescence is a result of singlets' relaxation to the ground state. 

Both the TADF and phosphorescent emissions at the spin transition of the triplets suffer triplet 

lifetime. Triplet quenching and triplet-triplet annihilation are a result of the long triplets' lifetime. 

There are also polaron-triplet and singlet-triplet annihilation processes. 

At high current density, the quenching processes are critical because of increased triplets 

collisions probability, leading to an efficiency roll-off. The TADF and the phosphorescent 

emitters have higher triplet energy than the fluorescent emitters19. This means the products of 
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triplet quenching have higher energy levels, making their decomposition result in weak chemical 

bonds. This might reduce the device lifetime, as is usually the case in blue OLEDs. 

 

Figure 1.3 Schematic mechanisms of fluorescent, phosphorescent, TADF and TF fluorescent 

emitters. 

 

1.2.4. Triplet-fusion (TF) fluorescence 

Triplet-fusion (TF) fluorescence is an alternative mechanism that helps in avoiding the 

high triplet energy problem. The triplets at the TF materials typically have low energy levels. 

Upon the collision of two triplets, up-conversion occurs to produce a fluorescent emission 
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singlet.13–15 The process is called triplet fusion. This allows the TF-fluorescent OLEDs to reach 

62.5% efficiency in utilizing the total excitons. This high exciton utilization is promising to 

improve the future of the TF-fluorescent OLEDs because of the potential to have a similar 

lifetime to the conventional fluorescent OLEDs (Figure 1.3). 

 

1.3 Transporting Layers 

Both the ETL and the HTL are equally crucial as the EML in determining the OLED 

devices' power consumption and efficiency. There must be a charge balance between the 

transportation of the hole and electrons to ensure sufficient utilization of charges. Additionally, 

unbalanced charge transportation can lead to the accumulation of only a single charge type on 

specific interfaces which causes quenching. The charge balance is achievable through three 

methods including: 

i. Determine the ETL and HTL which have equal mobility. 

ii. Adjust the transport layer thickness to change the charge transport as a thicker film 

will decrease the charge transportation. 

iii. Dope the transport layer using the n-type or p-type materials. 

 

1.4 Figures of merit for OLEDs  

1.4.1External quantum efficiency (EQE) 

EQE's external quantum efficiency is the ratio of emitted photons number to the injected 

charges number from the electrodes. EQE characterizes the overall conversion of electrical 

energy to light in an OLED. The external quantum efficiency of OLEDs is a result of several 

separate terms, as seen in the equation below: 
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𝐸𝑄𝐸 = 𝜂𝑜𝑐 ∗ 𝐼𝑄𝐸 =  𝜂𝑜𝑐 ∗ (𝛾 ∗ 𝜑𝑃𝐿 ∗ 𝜂𝜏)  (1.1) 

Where, 

ηoc: gives the optical outcoupling efficiency 

IQE: gives the internal quantum efficiency 

γ: gives the charge balance factor (this value is equivalent to 1 in case of a perfect charge 

balance) 

γ: charge balance factor 

𝜑𝑃𝐿: Photoluminescence (PL) quantum yield (PLQY) at the emitter. 

𝜂𝜏: possibility of an exciton to form as a singlet.  

Generally, ηop is given as 0.2 when there is no outcoupling enhancement in a device since it 

shows a high correlation with the refractive index in its emissive medium. The ideal value of γ is 

1.0 and is achievable through a circumspect OLEDs structural design using appropriate layers of 

charge-transportation. There is also a need to have a host-guest system along with electrode 

materials. A maximum value of 𝜑𝑃𝐿 It is f 1.0 and is achievable after a proper molecular design 

when constructing the emitting material. Nevertheless, the charge carriers recombination in 

OLEDs will first generate triplet excitons and singlets with 0.75 and 0.25 probability. Severally, 

the 𝜂𝜏 will hinder EQE if 75% of the triplet excitons are not used in the OLED. This has 

generated attention to the phosphorescent OLEDs (PhOLEDs), which can harvest both triplet 

and singlet excitons16. The assumption is that 𝜂𝜏 is equal to 1.0. However, phosphorescent 

complexes of rare metals increase the cost of production as they are also limited in resource 

availability. 

1.4.2 Current efficiency 

As a figure of merit, the current efficiency (CE) can be given: 
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𝐶𝐸 =
𝐿

𝐽
 

From the expression, L gives the luminance in candelas per square meter (cd/m2), whereas J 

gives the current density in amperes per square meter (A/m2). This results in a CE of candelas 

per meter (cd/A). CE is a representation of an OLED device's efficiency in the conversion of the 

current to light intensity. CE is a function of angles in the OLED devices' emission profile. 

Usually, CE states the average direction. 

 

1.4.3 CIE Coordinates 

The CIE coordinates is a numeric technique that characterizes color emission by an 

OLED device. There are two most common standards of CIE, 1976 uv, and 1931 xy. The CIE xy 

values are based on how human eyes perceive colors17. Any detectable color by the human eye is 

a distinct combination of y and x. The CIE 1976 uv is an upgrade of the CIE 1931 xy and 

generates perceptual uniformity. There is a similar difference in the CIE uv value representing 

similar color variation levels. 

 

1.4.4 Characterization of OLEDs 

The quality of OLEDs can be determined by their optical and electrical properties. The 

way of distinguishing them are by conducting J-V-L measurement, EL spectrum measurement, 

and EQE measurement. 

A voltage bias is applied to the anode and cathode of the OLED system using a Keithley 

2400 SourceMeter in J-V-L (current – voltage – luminance) measurement. The driving current 

through the OLED unit is also measured by the SourceMeter. A silicon photodiode (1.5 cm in 
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diameter) is located next to the OLED pixel to transform light output into photocurrent when 

driving the OLED motor. A Keithley 6485 Picoammeter detects the photocurrent signal. A LS-

100 luminance meter is used to calibrate the photocurrent to the forward luminance. The OLED 

unit is usually driven from -1 V to 12 V with a voltage phase of 100 mV. The leakage current is 

measured by the negative bias, which determines the device's reverse current.  

An Ocean Optics HR4000 spectrometer is used to test the EL spectrum. The light from 

the OLED pixel is collected by an optical fiber with a diameter of 200 μm, and the signal is 

analyzed by the spectrometer. The wavelength range measured is 195 nm to 1124 nm, which 

includes all visible wavelengths. 

In a Labsphere Illumia integration sphere, EQE is measured. The OLED interface is 

located in the integration sphere's center and is wired to a spectrometer, photodiode, and a 

SourceMeter. The interior of the integration sphere is constructed to allow light emitted in all 

directions to be processed by the photodiode upon multiple reflections. A standard source with a 

known spectral power distribution is used to calibrate the integration sphere. The SourceMeter is 

used to test the J-V curve, and the spectrometer is used to measure the EL spectrum. To measure 

the total photon numbers at each driving voltage, the photocurrent and EL spectrum are 

compared to a normal light source. Then after, divide the photon numbers by the electron 

numbers to get the EQE. 

 

1.5 OLED Fabrication Methods 

The fabrication of OLED requires two processes, the dry or the wet process. The most 

common drying process is vacuum evaporation. The commonly used dry process is vacuum 

thermal evaporation. Three types of vacuum evaporation techniques are reviewed. In wet 
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processes, there are processes for coating without delicate patterning and procedures for making 

fine patterns. Wet processes, including nozzle printing, inkjet, and nozzle printing, are also 

available, and laser processes via metal masks. 

 

1.5.1 Thermal evaporation 

Thermal evaporation is mainstream fabrication method for OLEDs small molecules. The 

method will produce high-purity films because of its high-vacuum environment and sublimation 

of materials. The vacuum thermal evaporation has a wide usage in the industry in both research 

and designs18–21. Quartz crystal microbalances monitor the sublimation rate during this process 

as the resonant frequency calculates the material thickness. An electric current flow into the 

material raising the temperature and beginning the evaporation process as the sensors control the 

thickness to approximately ±0.5nm. the method obtains its name due to the fact that the 

condition is an ultra-high vacuum available for the process. The pressure is also very high to 

allow the evaporation of small molecules during the process. There are also several 

disadvantages due to poor production scalability along with low utilization rate of materials.  

 

1.5.2 Spin-coating 

The spin coating method applies a uniform film to a solid surface via a centrifugal force 

and needs a liquid-vapor interface. A typical procedure involves a liquid in a circular interface 

center and rotated rapidly to create uniform films having thicknesses of 20nm–10 μm. The 

centrifugal rotational force spreads the liquid as a film while coating the surface spin coating 

using polymers22,23. Various polymer solutions such as PEDOT: PSS24 can be spin-coated on to 

substrates such as glass or silicon. This is the simplest substrate fabrication method. Solution 
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processed emitting layers for OLEDs progressing in efficiency but the lifetime of the device still 

lack 25–27. The spin-coating process begins with the material dilution and then is deposited. The 

solution is then dispensed on the surface of the substrate. The next step involves spinning the 

wafer at high speeds. The film thickness of a spin-coated layer is dependent on the spinning 

speed, the solution viscosity, and the surface tension. The next step is to remove the solvent 

partly during spinning and to evaporate it through subsequent partial baking at high 

temperatures. This process produces a planar surface. The technique is often employed in the sol-

gel deposition. Solid polymer compound particles then dissolve in a solvent and are spin-coated 

at the substrate surface. The subsequent solvent removal solidifies the gel to produce a solid film. 

In this work, we spin-coat epoxy of various refractive indexes to utilize their optical properties 

for OLED enhancement without affecting the electrical properties of the device. 
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CHAPTER 2: OPTICS IN ORGANIC LIGHT EMITTING DIODES 

 

2.1 Architectures of OLEDs: top-emitting (TEOLEDs) and bottom emitting (BEOLEDs) 

It is necessary to incorporate the OLED organic stack into an architecture that contains a 

substrate to realize the fabrication and function of the device. The design of the substrate is 

specific to the electrodes and allows the transmission of light from one side to another across the 

device. The metal electrode in the device reflects the light and is normally made of silver or 

aluminum and thinner than 100nm1 It is also possible to have the semitransparent electrode as an 

ultra-thin metal film later of less than 15nm in thickness, indium tin oxide (ITO)2, indium zinc 

oxide(IZO)3, silver nanowires4.There is a glass substrate at the whole architecture's bottom to act 

as the device's base. Hence, the positions are arranged to form two different OLED architectures 

(Figure 2.1). The first architecture is the BEOLED which allows light to come from the bottom 

due to its positioning next to the substrate. The second architecture is the TEOLED, whose 

positioning at the substrate allows light to emanate from the device top. 

The selection, efficiency, and application of the material are dependent on the 

architecture. There are different material preferences in the two architectures in the case of the 

semitransparent electrodes. TCO has the best transparency of more than 90% within the visible 

range8. TCO also has a comparative conductivity which renders it a transparent electrode. 

Nevertheless, high-energy sputtering is the common method of deposition for TCO5. There are 

post-deposition techniques, including polishing which can be done to obtain high-quality ITO6. 

For BEOLEDs, the organic stack is not dependent on the TCO procedures of deposition and 

post-deposition. On the other hand, the transmittance is lost in TEOLEDs due to the use of a thin 

metal electrode7. BEOLEDs are more present in labs due to simplicity of fabrication16. On the 
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contrary, TEOLED has more compatibility with various electronic components, which makes it 

the most favorable display configuration. 

 

 

Figure 2.1. Two OLED architectures. (a) Bottom Emitting OLED and (b) Top Emitting OLED  

 

2.2 OLED Optical Modes 

In Ch1 we mention the equation for OLED’s EQE is expressed as 

 𝐸𝑄𝐸 =  𝜂𝑜𝑐 ∗ 𝐼𝑄𝐸    (2.1) 

Where  𝜂𝑜𝑐 is the optical out-coupling efficiency. This expression occurs because a portion of the 

photons created in the EML are unable to leave the device due to the existence of multiple light 

trapping modes in the OLED device stack.  
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Figure 2.2 BEOLED schematic of optical mode in BEOLED. Surface plasma polariton, 

Waveguide and Substrate modes are abbreviated as SPP, WG, and Sub. 

 

Lightwave moving in a medium with a refractive index n travels at a speed 𝑣 =
𝑐

𝑛
=

𝜈𝜆

𝑛
, where ν 

is the frequency of the light, c is the speed of light in vacuum, and λ is the wavelength in 

vacuum. Since the energy of a wave (E= hν, where h is Planck’s constant) is not affected by the 

medium, the wavelength of the wave propagating through the medium is reduced to 
𝜆

𝑛
, resulting 

in a different phase velocity from the speed of light in vacuum.  The photon can also be describe 

as a wavevector  𝑘𝑜 =  2𝜋/𝜆. As this wave vector travels through different mediums with an 

index of refraction, k is expressed as nk0. Using the xy plane in Figure 2.2 as the reference plane, 

k is composed on an in-plane kx component and an out of plane component kz. The kx component 
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helps define the optical modes that a photon is coupled to. When kx is smaller than k0, the photon 

can escape out of the device and into the air mode. In the air mode, kx = ksinθ. θ is the angle 

between the direction light travels and the normal direction of plane. When θ =0° kx = 0. This 

represents light that travels normal to the plain. When θ =90° kx =k0. This represents light that 

travels along the plane surface. 

As mentioned before the outcoupling efficiency is vital to the overall OLED EQE. The 

outcoupling efficiency ηoc comprised of the ratio of all photons in the air mode to the photons 

generated with in the emission layer. Due to trapping mechanisms, only 20 to 30% of a photons 

can escape the device in conventional BEOLED. The condition when the in-plane wavevector of 

a  propagating wave ranges between ko and nsub𝑘𝑜, implies light is trapped in the substrate mode. 

Due to the thick thickness of substrates, substrate modes are incoherent. The photons trapped in 

the substrate mode occurs due the total internal reflection (TIR) at the substrate and air interface.  

Photons traveling in in-plane wavevector value ranging between nglass𝑘𝑜 and norganic𝑘𝑜 are WG 

modes. The refractive index of organic films range from 1.7 to 1.9. Because of the index 

difference between the organic layers and the substrate, the photons experience TIR, resulting in 

formation of WG modes. Finally, photons traveling in an in-plane wavevector greater than 

norganic𝑘𝑜 are the SPP modes or lossy surface waves and are evanescent.8  The emitter coupling 

strength to the SPP modes is strong affected by the distance of the emitting layer to the metallic 

electrode. For TEOLEDs, photons travel do not move though a substrate therefore there is not 

substrate mode in TEOLEDs. 

By using the in-plane wave-vector, the mode distribution can be plotted on the OLED 

dispersion diagram which is helpful to understand light behavior in the OLED system (Figure 
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2.3). With the assistance of SETFOS Simulations we are able to quantify the percentage of light 

in each mode. 

 

 

Figure 2.3 The optical mode distribution of a BEOLED. 

   

2.3 Microcavity in OLEDs  

The organic layers are sandwiched between a highly reflective bottom metal electrode 

mirror and a semi-transparent electrode in a conventional OLED configuration. The organic 

layers are usually less than 200 nm thick, which results in significant interaction between the 

light produced directly into the semi-transparent electrode and the light transmitted from the 

bottom metal electrode. The OLED stack is similar to a Fabry-Perot cavity. The wavelength of 

the light intensity is (𝜆) with a viewing angle of 𝜃𝑎𝑖𝑟 as shown in the expression below: 
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𝐼(𝜆, 𝜃𝑎𝑖𝑟)=𝐼𝑜(𝜆)*f(𝜆, 𝜃𝑎𝑖𝑟)= 𝐼𝑜(𝜆)*(1-𝑅𝑡) = 
1+𝑅𝑏+2√𝑅𝑏 cos Δ𝜙𝑏

1+𝑅𝑡𝑅𝑏−2√𝑅𝑡𝑅𝑏 cos( Δ𝜙𝑡+Δ𝜙𝑏)
  

  (2.2)   

The 𝜆 in the expression is that of a vacuum, whereas is the of propagation is taken from the air 

with respect to the normal direction. 𝐼𝑜(𝜆) represents the emitter's intrinsic spectrum. f(𝜆, 𝜃𝑎𝑖𝑟) 

gives cavity mode representative factor by determining its reflectivity and length. The respective 

reflective for the top and bottom of the electrode is given by 𝑅𝑡 and 𝑅𝑏. The phase difference in 

the light propagation between the bottom and the top is expressed by Δ𝜙𝑡 or Δ𝜙𝑏. This leads to 

Δ𝜙𝑡 =
2

𝜋
∗ 2𝑛𝑑𝑡 cos 𝜃𝑜𝑟𝑔 − 𝜑𝑡 and n is organic layers' refractive index. The mirror in the bottom 

metal electrode has a high reflectivity ranging between 80%-90%. The top electrode has a low 

reflectivity with Δ𝜙𝑏determining the intensity. For a fixed value of db, the strongest light 

emission from the OLED cavity occurs when a combination of  𝜆 and 𝜃𝑜𝑟𝑔 satisfies the 

constructive interference condition such that Δ𝜙𝑏 = 2𝜋𝑚 (m is any integer). This equation 

shows that by changing the db thickness the constructive interference can be periodically met. 

 

2.4 Device thickness optimization  

It is critical to consider the thickness of the HTL and ETL. Electrical and optical 

properties of these layers must be taken into account. Electrically, the HTL thickness has an 

effect on the transport of holes, while the ETL thickness has an effect on the transport of 

electrons. Due to its higher mobility, a thicker HTL is preferred. The change balance within the 

device can be manipulated by adjusting these thicknesses. Optically, by varying the thickness of 

both layers, the cavity length within the device can be adjusted. It is worth noting that 

OLEDs can be fabricated with a conventional structure, which in which the HTL is below the 
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EML and the ETL is above it. Therefore, the top transport layer will be defined as Lt and the 

bottom transport layer as Lb. In our case the HTL is Lb and the ETL is Lt. As mentioned before 

the criterion for constructive interference is  Δ𝜙𝑏 = 2𝜋𝑚 therefore the thickness of the Lb and Lt 

can be toned to obtain the best performing device.  

To demonstrate the optical contribution of HTL to a TEOLED, we kept the ETL 

thickness constant and swept it (Figure 2.4). The results show an oscillating wave relation for 

the air mode as the Lb thickness increase. At 50nm and 210nm, the air modes reach peaks of 27% 

and 35%, respectively. These correspond with the first and second antinode. The antinode 

position is where the wavelength of the intrinsic spectral peak of the emitter meets the 

constructive interference.  Inversely, the node position is defined as the point at which such a 

peak meets destructive interference. The increase of HTL thickness also affects the distribution 

of power in the air mode, waveguide mode, and SPP mode. The 7% increase in the air mode for 

the first antinode to the second is due to the reduction of SPP mode.  As the distance between the 

emitter and the Al increases, the SPP mode becomes smaller. 

 

Figure 2.4 Schematic drawing of a green TEOLED device and the simulated mode distribution 

by changing Lb thickness. 
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To observe the effect of the Lt layer on the outcoupling efficiency, we fixed Lb at 50 nm 

and swept from 10 to 230 nm Figure (2.5). Results show that the air mode, waveguide mode, 

and SPP mode are influenced by the increase in Lb thickness. They all showed a sinusoidal 

behavior as the Lb thickness increased. The difference between the first antinode and node 

position was only a difference of 10%. The SPP mode varied from 35% to 45%. The larger 

overall SPP mode compared to (Figure 2.5) is due to Lt being fix at 50nm. Thus, not creating 

sufficient distant between the emitter and the Al elected to suppress SPP. Also, the first antinode 

and 2nd anti node both were 25%. The smaller difference of the thin Mg:Ag electrode.  The 

stronger oscillations in the air mode and the waveguide mode show that the thickness of layer 

between emitter and the more reflective layer is critical for a high efficiency device.  

 

 

 

Figure 2.5 Schematic drawing of a green TEOLED device and the simulated mode distribution 

by changing Lt thickness.  
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2.5 Light Extraction Methods  

Various scholars have done work on light extraction in OLED. The growth of OLEDs has 

been rapid and places it as a leading color display technology. Many methods have been 

developed to reduce the optical losses in OLEDs. From an optical standpoint, we classify these 

light extraction methods according to the trapped mode they aim for. The common methods are. 

a hemi-sphere lens/micro lens arrays, or applying at scattering medium (Figure 2.6). The next 

chapters will discuss the various loss mechanisms and how these methods can enhance the 

outcoupling efficiency. 

 

 

 

Figure 2.6 A schematic drawing showing light extraction methods used to enhance the OLED 

outcoupling efficiency. (a)  lens and lens arrays of various sizes. (b) Ordered and randomized 

light scattering layers.  
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2.5.1 Substrate mode outcoupling 

As previously mentioned, the photons trapped in the substrate mode due the total internal 

reflection (TIR) at the substrate and air interface. According to Snells law: 

θc = sin−1 (
𝑛𝑎𝑖𝑟

𝑛𝑔𝑙𝑎𝑠𝑠
)                                                                                         2.1) 

Any angle greater than the critical angle θc will be reflected back into the substrate. For a glass 

substrate surface were nglass =1.5 and nair=1 the critical angle is θc is 41.8°. The outcoupling 

efficiency for planar OLEDs is usually ~20% for BEOLED.  By applying a curve surface such as 

a half-ball or microlens with a similar index of refraction, light can escape into the air mode 

(Figure 2a). For TEOLED, the substrate mode is no longer an issue due to a reflective metal 

reflective light and preventing light from penetrating into the substrate. Half-ball and micro lens 

arrays outside the substrate can eliminate absolute internal reflection at the glass/air interface and 

are effective in extracting substrate modes.9 A porous film attached to the bottom of a substrate 

with air voids will also disperse and remove substrate mode effectively.10 

 

2.5.2 Waveguide modes outcoupling 

Total internal reflection occurs in both the organic/ITO and the substrate layer to retain 

20% of the light in these waveguide modes. The metal electrodes also absorb about 4% of the 

light, which means that only 18% of the total generated light will escape the device.  

The waveguide modes can be extracted using sub-anode grids made of high index TiO2 

and low index SiO2.
11 Corrugation on both the bottom anode and the top electrode is efficient in 

removing both waveguide mode and substrate mode 1,9.  
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Scattering centers usually have structures on the nano- or micron-scale with a feature size 

equal to the emission wavelength12. The event optical waves are dispersed in all directions. 

According to Mie theory, the scattering pattern is determined by the ratio of the wavelength to 

the feature size of the scatterer. As a result, the size and density of scattering particles are critical 

in optimizing the efficiency of light extraction. Between the substrate13 and the translucent 

anode, the scattering layer may be positioned. Additionally, scattering layers have been 

generated by utilizing oblige angle vapor deposition to create nanostructured ITO layers in order 

to improve waveguide outcoupling from the ITO to the substrate.14 

 For TEOLEDs, half ball lens and micro lens array can also be used to extract light 

waveguide mode when place on top of the transparent electrode or capping layer3,15. This 

extraction procedure is similar to that described in the preceding section for the substrate mode 

extraction. 

 

2.5.3 SPPs outcoupling 

Plasma is an ionized natural gas that is dynamically balanced between positively charged 

ions and negatively charged electrons. In metals and semiconductors, free electrons and 

immobile ion cores are similar to charged particles in plasma, so they are defined as plasma as 

well. In metals and semiconductors, plasmons are divided into two types: bulk plasmons and 

surface plasmons. As light propagates along the surface plane of the metal, the electric field is 

reduced.8 This is due to the interaction of the photon and the oscillating electrons on the metal 

surface. Because of the presence of the metal cathode in the close vicinity of the organic 

emitters, some light is absorbed by the electrons on the metal electrode, causing the electrons to 

oscillate and form the SPPs. These are eventually dissipated as heat, leading to significant energy 
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loss. To excite SPP modes, the momentum of propagating light in a dielectric medium must be 

changed to balance that of SPP modes (Figure 2.6b). Prisms or gratings may be used to achieve 

extinction.  

 Another approach to addressing SPP loss is by suppressing SPP is by increasing the 

distance between the emitter and metal electrode (Figure 2.7). Though the SPP is suppressed the 

increased thickness can lead to poor change balance reducing the EQE of the OLED. The SPP 

mode can also be suppressed by using a non-metal electrode, such as the TCO, instead of a metal 

electrode.16  

 

 

Figure 2.7 Schematic of Electric fields at the interface between a metal electrode and an organic 

layer.  

 

2.5.4 Molecular dipole alignment 

Horizontal aligning of the transition dipole moments might lead to the loss of 

considerable radiative powers at the emitter films of the OLEDs. The stack can increase the 
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outcoupling efficiency of the light by 50%. This is higher than the isotropic counterparts. 

Scholars have recently found that focusing on practical strategies enables the control of TADF 

dyes. Molecular orientation plays a critical role in the efficient design of OLEDs. This allows the 

designs to have an EQE of more than 30%. Future challenges such as energy conservation with 

efficiency remain a thorny issue that must be addressed. The solution can potentially extend to 

include the solution‐processed films.  
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CHAPTER 3: EMBEDDED CURVED MICROMIRROR ARRAY FOR LIGHT 

EXTRACTION IN TOP EMITTING ORGANIC LIGHT EMITTING DIODES 

 

 

3.1 Introduction  

Top-emitting organic light emitting diode (TEOLED) is a preferred configuration in 

displays for its compatibility with the thin-film transistor circuit, but its low outcoupling efficiency 

remains a bottleneck. Typical TEOLEDs have an outcoupling efficiency around 20% due to 

various loss mechanisms.1 The high refractive index organic layers result in total internal reflection 

and formation of waveguide modes. Having both top and bottom metallic electrodes causes the 

emitter to couple to the surface plasmon polariton (SPP) modes resulting in a loss in efficiency.2,3, 

Improving the outcoupling efficiency through light extraction can reduce the device power 

consumption and increase the operating lifetime. 

The light extraction efficiency for TEOLEDs is usually lower than that of bottom-emitting 

OLEDs (BEOLEDs) for several reasons. In a BEOLED, 20% of the light is trapped in the substrate 

mode, which can be extracted using microlens arrays4–7  and half-ball lens.8–10 Scattering layers11–

13 such as embedded nano-particles14,15 and corrugated substrates have been used to extract the 

waveguide and SPP modes.16,17 The light extraction methods have little effect on the  cavity mode 

in a BEOLED, thus can improve the device outcoupling efficiency without severely reducing the 

cavity emission.18–20 In a TEOLED, however, both the top and bottom electrodes are metallic, 

which contributes to a stronger cavity effect and stronger SPP loss. Corrugation reduces the 

reflectivity of the metallic mirror and reduces the cavity mode. A weakened cavity can cause a 

reduction in outcoupling efficiency leading to a smaller enhancement in device performance.18 

While adding a scattering layer or microlens array above the top electrode can extract the 
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waveguide modes, a significant portion of the light is still lost to the SPP mode as its electric field 

is confined at the metal surface.5,21  

Therefore, an ideal TEOLED design for light extraction should minimize the SPP mode 

while extracting light from the waveguide modes using microlens arrays5,22,23 scattering layers24,25, 

and corrugated structures26–28.  To reduce the SPP loss, one successful scheme is to replace the 

bottom electrode with a transparent electrode, a spacer layer, and a reflective scattering layer. Kim 

et al.25 demonstrated using a polytetrafluoroethylene (PTFE) reflective scattering layer to extract 

the waveguide and improved the EQE to 37%25. Due to the large PTFE surface roughness, the 

resulting device shows an increase in light scattering and pixel blurring. A non-diffusive metal 

coated scattering grid was also fabricated, but the EQE was only improved from 15% to 18% as 

the grid was only 155 nm from the emitter, causing coupling into the SPP mode.2 

In our previous work, we fabricated a multi-mode TEOLED that utilized a 8.5-μm thick 

spacer layer along with transparent indium tin oxide (ITO) electrodes to suppress the SPP mode 

and reduce the angular color shift29. In this structure, 73% of the light is trapped in the waveguide 

mode. By placing a sapphire half ball lens above the device, a fraction of the waveguide mode was 

extracted, and the EQE was improved from 18% to 40%. However, attaching a large lens on top 

of an OLED device is not feasible for practical display and lighting applications due to its large 

curvature and bulkiness.30 Therefore, an embedded light extraction structure that is compatible 

with the bottom-up manufacturing is required. 

In this work, we demonstrate efficient light extraction in a TEOLED using nano- and 

micro-patterned bottom mirrors. The design adopts the multi-mode structure to suppress the SPP 

mode, then extracts the waveguide mode with embedded patterned mirrors. We found that (1) the 

micro-mirror array (μMA) extracts the waveguide mode most efficiently, and (2) the extraction 
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efficiency is highly dependent on the transmittance of the top electrode. With an optimized Mg: 

Ag composition of 1:10, we achieved a peak EQE of 36% and an enhancement factor of 2 

compared to our reference top-emitting multi-mode device. 

 

3.1 Device Architecture 

In a multi-mode TEOLED, the bottom electrode is separated from the emitting layer with 

a micron-thick spacer. This spacer layer significantly suppresses the SPP mode while increasing 

the waveguide modes, which can be more easily extracted by scattering. We simulate the mode 

distribution of a conventional OLED and a multi-mode OLED in Figure 1(a). The conventional 

OLED has 41% SPP loss due to the emitter’s proximity to both the bottom and top metal 

electrodes, while the multi-mode structure with an 8.5-μm spacer reduces the SPP mode to only 

5%. The remaining SPP loss is attributed to the top Mg: Ag electrode. With reduced SPP loss and 

thicker OLED stack, the waveguide mode becomes the major trapping channel in the multi-mode 

TEOLED at 73%, compared to 34% in a conventional TEOLED.  

 

Figure 3.1 (a) Simulated mode distribution and (b) mode power dispersion for a conventional 

TEOLED and a multi-mode TEOLED. 
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It is worth noting that the air mode is slightly reduced from 23% in a conventional 

TEOLED to 20% in a multi-mode TEOLED. This is because an extended cavity increases the 

cavity mode numbers but reduces the mode power density, and therefore the enhancement in 

outcoupling efficiency from the cavity effect is suppressed. Figure 1(b) shows the difference in the 

mode power dispersion of the conventional and multi-mode devices. The thick spacer used in the 

multi-mode device supports more waveguide modes but suppresses the SPP mode. These added 

modes can be seen as oscillations in the power distribution plot. With the implementation of the 

patterned mirror, some of the waveguide modes can be extracted and the outcoupling efficiency 

can be strongly enhanced. 

To extract the waveguide modes, we pattern the bottom mirror with periodic micro/nano 

patterns. The patterns are first created on the glass substrate through soft-imprinting, then a 100 

nm thick Ag is evaporated on the patterned surface to form the bottom mirror. Figure 2 shows the 

SEM image of the nano mirror array (nMA) with 300 nm and 560 nm diameter dome features 

fabricated using the Langmuir-Blodgett method 26. These periodic nano structures were used due 

to the feature size being the same order of magnitude as the visible light and thus has stronger 

diffraction. We should note that Figure 2(c) is the SEM image of the micro mirror array (μMA) 

pattern which is commercially available from Holographix with a diameter of 16 μm with a height 

of 4 μm, and the resulting honeycomb structure almost gives a 100% fill factor. The fill factor of 

the other two nMAs are comparably lower due to the hexagonal close packing and the gaps 

between the nano-domes. After fabricating the nMA/μMA, an 8.5 μm thick NOA 170 spacer layer 

is spin-coated and cross-linked under UV light to planarize the top surface. A 100 nm thick ITO 

layer is then sputtered on top of the spacer and the following OLED layers are deposited through 

thermal evaporation.  
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Figure 3.2. SEM image of (a)300 nm diameter nMA, (b)560 nm diameter nMA and (c) 16 μm 

diameter μMA 

 

3.3 Experimental Results 

We compare the device performance of the reference multi-mode TEOLED and devices 

with nMA/μMA in Figure 3. All devices showed similar current density and voltage 

characteristics indicating the surface of the spacer layer is uniformly planarized. Figure 3b 

compares EQE of the reference device and patterned devices. The reference multi-mode device 

has a maximum EQE of 18%, close to the simulated 20% efficiency considering the quantum 

yield and charge balance. The 300 nm and 560 nm nMAs show maximum EQEs of 21% (1.17x 

enhancement) and 26% (1.44x enhancement), respectively, while the μMA device shows a 

maximum EQE of 36% which is 2 times higher than the reference device.  
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Figure 3.3 (a) Current density−voltage characteristics and (b) EQE of the reference multi-mode 

TEOLED (black), with 300 nm nMA (blue), with 560 nm nMA (green) and with 16 μm μMA 

(red).  

 

To understand the differences in EQE, we drew a schematic illustration of the patterned 

mirrors in Figure 4.  In a reference multi-mode TEOLED, the light propagating with an angle 

greater than the critical angle will be trapped in the device due to total internal reflection (TIR) 

and form the waveguide mode.  

 

Figure 3.4 Schematic illustrations of light paths in the (a) reference multi-mode TEOLED, 

TEOLED (b)with 560 nm nMA, (c) with 300nm nMA and (d) with 16μm μMA.  

 

Utilizing periodic nMA with 300 nm and 560 nm diameters, the incident light can be 

redirected out of the waveguide mode by Bragg diffraction (Figure 4(b)).  From Figure 1(b), the 
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waveguide modes have a defined range of in-plane wavevectors.  When the waveguide modes are 

incident on the nMA, their in-plane wavevectors will be reduced by the grating vector kG which is 

defined as kG=2𝜋/𝛬,  𝛬 being the pitch of the nMA. To observe the extraction of the waveguide 

modes, we used angle-resolved emission spectra (ARES) to experimentally measure the air 

mode.19  

 

Figure 3.5 The measured EL spectra at different viewing angles for the (a) reference multi-mode 

TEOLED, TEOLED (b)with 560 nm nMA, (c) with 300nm nMA and (d) with 16μm μMA. 

 

Figure 5(a) shows the measured air mode of the reference multi-mode OLED. The ripples 

are the results of the multiple cavity modes supported by the thick spacer layer, as predicted by the 

simulation in Figure 1(b). To better demonstrate this effect, we extract the angular intensity profile 

at the peak wavelength of 520 nm and the emission spectra at 0 and 60  viewing angles (Figure 

S1). The strong oscillations indicate the cavity effect is preserved despite the thick spacer layer. 

Because the oscillation frequency is high, the human eye perceives it with uniform color and 

constant brightness at various angles.29 
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Figure 3.6 (a) Angular EL profiles at 520nm emission wavelength. (b) Forward EL spectra and 

(c) EL spectra at 60 degrees  

 

Figure 5 (b) and (c) show the air modes of the 560 nm and 300 nm nMA devices. Due to 

the nMA, the reflectance of the back mirror is reduced, and thus the ripples are less visible. The 

560 nm nMA device shows the greatest intensity peak in the normal direction while the 300 nm 

nMA device’s local maximum peak intensity is at 60°, as can be seen from Figure S1. The 

difference is attributed to the different pitches of the nMAs. 560 nm nMA gives a pitch of 485 nm 

and the 300 nm nMA gives a pitch of 260 nm (Figure S2). We used Setfos to simulate the power 

dispersion of the reference device and overlapped it with the experimental ARES data (Figure 6). 

The grating vector represented by the blue lines shifts the waveguided modes into the air mode. 

Because the 560 nm nMA has a smaller kG than the 300 nm nMA, the waveguide modes are 

extracted towards the normal direction in the 560 nm nMA device, while the extracted waveguide 

modes are extracted past the normal direction in the 300 nm nMA device. Because the top electrode 
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has a higher transmittance at the normal direction, the diffracted waveguide modes can more easily 

escape from small angles, thus the 560 nm nMA device has a higher EQE.  

 
 

Figure 3.7 SEM image of a (a) 300 nm and (b) 560 nm polycrystalline dome array. Dotted red 

line indicate two adjacent rows of domes giving a pitch of 485 nm and 260 nm, respectively. 

 

Although the optical simulation and ARES measurements validated the nMA’s ability to 

extract the waveguide modes towards a specific range of angles, the 26% EQE is only moderately 

higher than a conventional TEOLED with an optimal cavity design, which typically has an EQE 

of 21%.29 The limited enhancement is due to the shallow ~60 nm corrugation depth, as most of the 

light remains undisturbed until multiple iterations within the device (Figure S3).  

 
Figure 3.8 AFM images of NOA 81 imprinted films with a pattern pitch of (a) 300nm (b) 560 

nm and (c) 16 μm. 
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This increases the absorption loss from the metal and limits the outcoupling improvement 

with the nMA. In addition, due to the directionality of the Bragg diffraction, the angular intensity 

profile also deviates from Lambertian distribution and leads to angular color shift (Figure S1). 

 

Figure 3.9 Mode dispersion analysis combined with ARES results to identify the waveguide 

extraction into the air cone with (a) 300 nm nMA and (b) 560 nm nMA. The discrete waveguide 

peaks when the in-plane wave-vector (kx) is greater than 15 μm-1 are generated between the 

electrodes. The continuous waveguide ripples between 10 and 15 μm-1 are from the waveguide 

traveling within the spacer. 
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With the 16 μm μMA, light is extracted by redirecting from the curved mirrors (Figure 4 

(c)). The shallow height of 4 μm relative to the large width of 16 μm allow for uniform Ag coating 

with no light trapping sites. Because the 100% fill factor ensures that there are no flat areas on the 

mirror, light is always redirected by the μMA due to its curvature. Therefore, it takes fewer 

iterations before light escapes the OLED than with an nMA, and the resulting 36% EQE is among 

the highest reported for TEOLEDs.  

The large period of the μMA also minimizes diffraction and causes a Lambertian emission 

profile as the feature size of the μMA is significantly larger than the emission wavelength. From 

the ARES results (Figure 5(d)) and the angular profile (Figure 2S), we observe uniform intensities 

across a broad range of angles. In addition, the pixel blurring is reduced with the added μMA 

compared to a reference multi-mode OLED, as the waveguide modes are efficiently extracted at 

the pixel boundary and propagate for a shorter distance (Figure S6).  
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Figure 3.10 Photographic comparison of the pixel blur between the (a) reference multi-mode 

TEOLED and (b) a μMA TEOLED. The enlarged photos are microscopic images of the pixel 

edge. Both devices were driven at 4V. The white pixel area is due to the increased pixel 

brightness from the μMA due to the increase in EQE. 

The reduced angular color shift is the most significant when compared with a convention 

TEOLED (Figure S4).  Because of the cavity effect, there is a large color shift in the conventional 

TEOLED at wider viewing angles, corresponding to a (x, y) of (0.10, 0.03) in the CIE 1931 

color space.  In the μMA TEOLED, the increased cavity length along with the randomized 

scattering from the μMA reduced the angular color shift μMA to (0.014, 0.011). As a result, the 

μMA device not only has higher efficiency than the conventional TEOLED but also more uniform 

colors at different viewing angles.  
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Figure 3.11 CIE coordinates of (a) conventional microcavity TEOLED (b) reference multi-mode 

TEOLED and  (c) μMA TEOLED as function of the viewing angle 

 

To investigate the waveguide extraction effectiveness of μMA, we compare the μMA 

device with an external waveguide extraction method. A reference multi-mode TEOLED with a 

microlens array on top was examined (Figure S5(b)). The TEOLED with a microlens array shows 

a maximum EQE of 30% (x1.66 enhancement). Though the MLA extracted some of the waveguide 

modes, the μMA device should show enhanced extraction without the use of an external 

outcoupling scheme.  

 
Figure 3.12 (a)EQE of reference multi-mode TEOLED (black), with μMA (red) and with top 

microlens array (light blue) (b) Simulated external quantum efficiencies at various Mg:Ag ratio. 
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The waveguide mode extraction of the various mirror arrays is quantified by comparing 

the μMA and nMA device performance to the reference device. From the Setfos simulation results, 

the percentage of the light trapped in the waveguide mode for the reference device is 73%. By 

applying patterned mirrors, 5%, 12% and 27% of the waveguide modes are extracted using 300 

nm ,560 nm nMA and 16 μm μMA, respectively. Further optimization of the μMA geometry and 

reduction in the device absorption could lead to stronger waveguide mode extraction and thus 

higher device efficiency.  

 

Figure 3.13 (a) Transmittance of Mg:Ag cathode with different compositions. (b) EQE 

comparison of multi-mode TEOLEDs (solid) and μMA TEOLEDs (open) with different cathodes. 

The multi-iteration extraction model dictates that the transmittance of the top electrode 

plays a key role in the outcoupling efficiency. To demonstrate this, we varied the ratio of Mg: Ag 

in the top electrode while maintaining the total thickness as 10 nm. As the Ag ratio increases, the 

transmittance also increases from 50% to 90% (Figure 7(a)). The peak EQE for the reference 

devices remained similar but the difference between the μMA devices were notably different 

(Figure 7(b)). The very different transmittance dependence can be explained by the different light 

outcoupling schemes. In a reference OLED, the outcoupling efficiency is determined by the cavity 

effect. The photons can be considered to only take a single pass through the top electrode. In a 



  47 

 

μMA OLED, the outcoupling efficiency has a strong contribution from the waveguide modes. 

Because the waveguided photons are reflected from the top electrode multiple times, any 

absorption would compromise the waveguide mode extraction efficiency.  

As a confirmation of the experimental results, we conducted Setfos simulations to see the 

EQE change at different Mg: Ag ratios. In Figure S5, we plot the simulated EQE of a multi-mode 

OLED and a μMA OLED at various Mg: Ag ratio. For the μMA OLED, the outcoupled 

enhancement was simulated by applying dipole emission model and bidirectional scattering 

distribution function in Setfos31. Hexagonal close packed micro array domes were coated with 

silver just as the fabricated devices used. The simulated device used the same thickness as the 

fabricated device along with the 16 um domes. Details can be found in the device fabrication 

section. The simulation matches the experimental results very well, which confirms that higher 

anode transmittance is desirable for extracting the waveguide mode. We note the simulation 

assumes an electrical loss (from charge balance and emitter quantum yield) of 0.73 in all devices 

based on the reference multi-mode TEOELD EQE. When the electrical loss is eliminated, the peak 

EQE of a μMA OLED is projected to be 55%. 

3.4 Conclusion  

In summary, we introduced the concept of using a reflective dome shaped arrays in nano- 

and micro- scale as the back mirror of a multi-mode TEOLED to enhance the light outcoupling 

efficiency. By embedding the μMA and nMA under an 8.5-μm-thick spacer, the SPP loss was 

suppressed, and the waveguide modes were extracted without the need of an external scattering 

method. The highest efficiency of 36% is achieved by using a 16 μm μMA due to the smooth 

curved surface disrupting the waveguide propagation, thus increasing the outcoupling efficiency 

of TEOLEDs with minimal pixel blurring. Transmittance of the top electrode showed a strong 
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effect on the outcoupling efficiency of the μMA device, and a higher transmittance is desired. This 

simple imprinting patterned array method and solution-processable spacer layer design makes this 

approach promising for display and lighting applications.  
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3.5 Experimental section 

3.5.1 Materials  

TAPC (Di-[4-(N,N -di-p -tolyl-amino)-phenyl]cyclohexane), CBP (4,4'-Bis(carbazol-9-

yl)biphenyl), B3PYMPM (4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine), Bphen  4,7-

Diphenyl-1,10-phenanthroline and Ir(ppy)2(acac) (Bis(2 phenylpyridine) 

(acetylacetonate)iridium(III)) are all purchased from commercial supplier Lumtec. 

Dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAT-CN), Silver and 

Magnesium are purchased from Sigma Aldrich. The epoxy in this work is Norland optical 

adhesive 81 and 170, purchased from Norland Products. 
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3.5.2 Device fabrication  

The glass substrate was prewashed with acetone and isopropanol separately for 15 mins, 

and then UV-ozone treated for 15 mins. For the reference devices, NOA-170 epoxy was spin-cast 

on top of the Ag film at a spin speed of 500 rpm for 5 seconds and 4000 rpm for 40 seconds giving 

a thickness of 8.5 μm. 5 mins of UV-treatment in nitrogen environment was done to cure the epoxy. 

For the patterned devices, NOA-81 was dropped casted on glass substrates. Patterned PDMS 

stamps were pressed onto the NOA-81 then cured in UV light for 4 mins. The PDMS stamp was 

then removed from the NOA-81 leaving a patterned structure.   

 A 100 nm silver film was thermally deposited on the glass substrate for the reference 

device or on the NOA-81 for patterned device under high vacuum of 10-7 torr.  NOA-170 epoxy 

was spin-cast on top of the Ag film at a spin speed of 500 rpm for 5 seconds and 4000 rpm for 40 

seconds giving a thickness of 6.5um. 5 mins of UV-treatment in nitrogen environment was done 

to cure the epoxy. Then a 100 nm thick ITO was sputtered on top of epoxy as the bottom electrode, 

followed by a series of thermal evaporations of organic layers. The organic layer structure is HAT-

CN 5 nm/TAPC 50 nm// 7% Ir(ppy)2(acac): CBP 20 nm/ B3PYMPM 10 nm/ Bphen 50nm/ LiF 2 

nm/ Mg:Ag (1:10) 10 nm/ TAPC 60 nm. All the thermal evaporations and sputtering were 

performed under high vacuum below 10-6 Torr. The device area is 2 mm × 2 mm. 

The transmittance and reflectance spectra were measured using a UV-visible 

spectrophotometer. The samples with layered structures of Bphen 40 nm / LiF 2 nm/ Mg:Ag 10 

nm/ TAPC 60 nm were thermally evaporated onto a glass substrate. 
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3.5.3 Setfos simulation parameters 

The refractive index (n) for CBP, TAPC, Bphen, B3PYMPM is 1.75,1.68,1.7 and 1.7, 

respectively. Norland optical adhesive 170 epoxy has a n of 1.7. The values of n, k for ITO, HAT-

CN and Ag are from the standard files provided by Setfos software. The dipole orientation of the 

emitter is set as 0.23 (77% horizontal dipoles) with a delta distribution. The emission zone is set 

in the middle of the emissive layer. 
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Chapter 4: Organic Light Emitting Diode Beam Shaping for Enhanced Forward 

Emission with Hemi-Spherical and Parabolic Mirrors 

 

4.1 Introduction 

Organic light emitting diode (OLED) has the versatility to be used for displays and for 

lighting applications 1. Although in-depth work has been done on the lifetime2,3,4 and 

efficiency5,6,7,8 of OLED, few have reported on beam shaping of OLEDs. One of the more 

challenging topics for OLED beam shaping is achieving directional emission. Because OLED is a 

surface light source, its intensity distribution is close to a Lambertian emission profile. Focusing 

the emitted light from an OLED enables applications such as vehicle headlights, virtual reality 

displays and projected displays.  

Wearable display for virtual reality application has drawn great commercial interests in the 

past decade9. In such devices, convex lenses are typically used to collimate the light from the 

display panels, which lead to bulky headsets10. With a point source and microlens array, the device 

form factor can be reduced1112, 13, 14,15, 16. Teng et al. created a device with a light guide plate (LGP) 

and discrete LEDs that can pass the transmitted light beam to a highly collimated incoherent planer 

light source (HCIPLS) with a full width half max(FWHMs) of 23°17. The narrow emission profile 

of ~33.6° has  been reported with a microlens18. 

As the organic layers are soft and fragile, attaching a lens on top could damage the OLED 

pixels. Instead, researchers embed the reflective structure in the substrate, and planarizing the 

substrate surface 19,20,21. The design is compatible with the common OLED. Beam shaping 

parabolic reflectors have been used to focus lights for various light sources from lasing22 to stadium 

lighting applications but not for an OLED source; hence we explore its potential by integrating it 
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in an OLED structure. To the best of our knowledge this is the first time a parabolic mirror has 

been proposed to be used for beam shaping of an OLED. 

We choose parabolic reflectors for light collimation because they have good collimation 

and directional control. Figure 4.1(a) illustrates the concept of using a parabolic mirror for light 

collimation. By positioning a point source at the focal point of the parabolic mirror, light is 

collimated by the reflection from the parabola and redirected to the normal direction. In practice, 

the parabolic mirror is finite in size, and some light would stray off. This can be solved by placing 

a reflected mirror on top of the point source, so that the back emitted light can also be collimated 

by the parabolic mirror as shown in Figure 4.1(b). In this design, the parabolic mirror needs to be 

trimmed to the plane of the focal height and the interior needs to be filled with a transparent 

electrode, so that the OLED can be fabricated at the focal point. The equation to find the focal 

point of the parabola is expressed as: 

(1)  𝑓 =
(𝑑/2)2

4𝑎
 

Here, f denotes the focal length, d the width and a the depth of the parabolic lens. Based 

on this equation, when the rim of the parabola is set to the same plane at the focal point, the depth 

will be 1/4 the width.  

The foremost consideration of the parabolic mirror design is the aspect ratio, defined as the 

ratio between the width of the OLED pixel and the diameter of the parabolic mirror. For ideal light 

collimation, the aspect ratio should be minimized so that the finite OLED pixel behaves rather as 

a point source. This, however, would cause the power output from the OLED to be very small. 

With a larger aspect ratio, light collimation is compromised as part of the light from the finite pixel 

deviates from the focal point of the parabolic mirror.  
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In this work, we use optical simulation to study the tradeoff between the power output and 

the light collimation with a parabolic mirror. We demonstrate that by changing the aspect ratio, 

the divergence angle and output intensity of the emission beam can be controlled. We then relax 

the requirement for the reflector and demonstrate light collimation in OLED using reflective hemi-

sphere mirrors.  

 

 

Figure 4.1 (a) Schematic of light rays emitted from a point source at the focal point of the 

parabolic reflector. (b)  Schematic of light rays from a point source being directed towards the 

parabola by a metallic reflector.   

 

4.2 Optical Simulation 

Zemax Ray tracing software was used to design the optimal shape of a reflective mirror. 

An OLED pixel was simulated as a square array of point sources with an Al top electrode. This 

active pixel was defined as the actual pixel, while the area of the parabolic mirror was defined as 

the apparent pixel (Figure 2a). Both reflective surfaces are set to 100% reflectance by 

the simulation therefore absorption it was not taken into account. Each point source for the small 
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pixel array was fixed at 0.1 mm intervals and set to have a gaussian distribution profile with 1 W 

of power. The output power as well as the emission profile from the apparent pixel were captured 

using a polar detector place one 1m way form the pixel. 

From the simulation, a reference 0.2x0.2 mm pixel has a peak power intensity of 127 W/sr 

at 0°, while the same pixel with a 20mm diameter parabolic mirror shows a power intensity of 

3000 W/sr at 0°. (Figure 4.2 b, c). The power intensity in the normal direction increased 23.6 

times due to the collimation of the emitted light by the parabolic mirror. Note the reference OLED 

has the same pixel area as the actual pixel of the parabolic mirror OLED (0.2 mm width). If we 

were to use a reference OLED with the same pixel area as the apparent pixel (20 mm width), the 

reference OLED would have a higher power output per solid angle than the parabolic mirror 

OLED, albeit the much larger divergence angle. This simulation indicates the tradeoff between the 

power output and the divergence angle must be considered when designing a collimated light 

source.  

 

Figure 4.2. (a) Schematic of Parabolic OLED design. Simulation of emitted power intensity 

angular profile of (b) a reference OLED and (c) a parabolic OLED. 
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To further investigate the limits of the 2D pixel light source with a parabolic reflector, we 

vary the size of the actual pixel while maintaining the size of the apparent pixel. As the small pixel 

size increases, two factors must be considered. First, a larger actual pixel would cause light to 

deviate from the parabolic mirror focal point, which increases the divergence angle. Second, when 

the metal electrode becomes larger, it also blocks light in the normal direction from the parabolic 

mirror and reduces the maximum brightness.  The pixel’s point sources were increased with the 

same amount of spacing within the array to maintain a uniform power density within the pixel. To 

determine how large the actual pixel could be without significantly impeding the normal direction 

emission, the polar emission profile is measured as a function of the device’s aspect ratio.  

Aspect ratios of 1/100,1/50,1/10,1/5 were compared to generate a trend. The emission 

profile broadens as the aspect ratio increases (Figure 4.3). The emission profiles’ FWHM were 

0.54°, 4.33°,8.34° 23.8° for 1/100, 1/50, 1/10. 1/5 aspect ratios, respectively.  At an aspect ratio of 

1/5, the metallic cathode begins to block the light at 0° which can be seen from (Figure 4.3) where 

the detected emission intensity in the normal direction splits into two branch which is undesirable. 

Therefore, an aspect ratio lower than 1/5 must be applied for device fabrication. Schematic of the 

rays along with the far field projection by the detector is seen Figure 4.4(a). 
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Figure 4.3 Simulated normalized plots of emission intensities of the OLED with parabolic 

mirrors with aspects ratios of (a)1/5 (b)1/10, (c)1/50, and (d)1/100(d). 

 

For this work, we set the detector at a 20° polar detection window to quantify the amount 

of power detected within the region. While the aspect ratio was lower than 1/50, 100% of the 

light was detected as noted in Table 1.  

The polar detector provided the peak intensity at 0° as well as the divergence angle. As 

the aspect ratio increases the total presence of light detected by the 20° polar detector decreases 

and causes an increase in divergence (Figure 4.4 (c)). 
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Table 1 Emission profile’s FWHM, divergence angle and detected light as a function of aspect 

ratio 

 

Aspect ratio A*/A  Emission 

FWHM (°) 

Divergence 

angle (°) 

% of light 

within 20° 

Total power in 

within 20° (Watts) 

1/100 0.54 1.5 100% 4 

1/50 4.33 6 100% 15.98 

1/10 8.34 30 87% 349.6 

1/5 23.8 60 39% 625 

 

 

The divergence angle, which is indicative of detector distance, is listed in Table 1.  For a 

narrow divergence angle less than 6°, an aspect ratio of less than 1/50 would be required.  

Figure 4.3(b) shows the increase in power detected was within a 20° range.  As the small pixel 

size increased so did the power detected, but the percentage of power detected from the total 

power emitted by the pixel decreased as the small pixel increased (Figure 4.3(b)). This proves 

there is a tradeoff between the size of the small pixel and the effectiveness of the parabola in 

focusing the light.  The optimized aspect ratio was found to be 1/10. 
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Figure 4.4 (a) Simulated rays emitted from parabolic device. Projections of emission detected by 

the 2D photodetector. (b) Plot of total power detected in the forward 20° region by a polar 

photodetector. (c)Beam divergence angle measured as a function of aspect ratio. 

 

In the 20° detection cone, only 3% of the light emitted from all refence pixels are 

detected regardless of the pixel size (Figure 4.4(a)). However, with the implementation of the 

parabolic mirror, the beam is more focused leading to an increase of total light captured within 

20° (Figure 4.4 (b)). The emission can be adjusted with the small pixel size. A device with an 

aspect ratio of 1/50 or smaller, has nearly 100% of the light is collimated. Unfortunately, the 

pixel’s relatively small size in comparison to the parabolic mirror shows a significant amount of 

power will be needed to illuminate the parabolic mirror with suitable brightness. To increase 

brightness, the OLED device would need to be driven at higher driving voltage. This would lead 

to faster degradation.  An optimal pixel size must therefore be determined to satisfy beam 
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shaping control, while having the largest aspect ratio. As the pixel increases in size so does the 

concentration of light outside the 20° region (Figure 4(c)). This is caused by the area of the pixel 

being expanded further from the focal point of the parabola. This leads to an increase in the 

divergence angle. 

 

Figure 4.5 (a)Simulated front view of the array of pixels with mirrors before light emission and 

(b) during light emission. The four different colors are used to represent the light rays from four 

different pixels. (c) Angular emission profile of pixel array without mirrors and with. 
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An array of parabolic OLEDs can be fabricated for directional applications that require 

light focused on a single point. By rotating the array, the emission beam can be directed.  Figure 

4.5(b) shows the emission profile of a 2x2 array of pixels with a parabolic mirror.  

A 2x2 two array of pixels with a parabolic mirror with the 1/10 aspect ratio were simulated to 

test their directionality and a polar detector was used to measure the intensity and profile. The 

array was placed at the center of the detector and rotated at 0°, 45°, and 90° (Figure 4.6). Due to 

simulation time a rectangular 2x2 arrays was simulated. For greater fill factor a hexagonal array 

can be designed. Results show the array achieved an intensity 96550 W/sr of compared to the of 

the array without the parabolic mirrors 532 W/sr (Figure 4.5(c-d)) A Emission profile with a 

FWHM of 6.9° was obtained with the parabolic mirrors.  

 

Figure 4.6 Angular emission profile of 4by4 pixel array with mirrors at rotated at 0°,45°, and 

90°.  

 

4.3 Device Performance 

Based on the simulated data, a prototype was fabricated. NOA-81 was poured into a 

hemi-spherical mold (Newport lens KPC043) then cured under ultraviolet light. After curing, the 

dome was removed from the mold.150 nm of Ag silver is then evaporated on the cured surface 

area to form a cured mirror. An indium tin oxide (ITO) layer is sputtered at the center of the 
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dome’s circular face. The organic layers are deposited and then capped with an Al electrode 

(Figure 4.7(a)).  

 

 

Figure 4.7 (a)Device structure schematic of device (b) top view image of large pixel area (c) 

emission beam projected onto a paper surface. 
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Figure 4.8 (a)ARES asymmetric profile of reference devices and (b) mirror device 

 

Angle-Resolved Emission Spectra (ARES) was used to study directional emission of the 

reference OLED vs the mirror device (Figures4.8 (a-b)). The emission of the OLED without the 

mirror showed a more uniformed emission with an EL intensity of 2081 a.u. at 0°. The emission 

of the OLED with the mirror showed a more narrow and concentrated emission with an EL 

intensity of 4890 a.u. at 10°. The mirror gives an EL enhancement of 2.4 times the reference 

OLED at 0°. ( Figure 4.9) In order to collect the emission profile, the focus point of the ARES 

measurement was slightly above the aluminum electrode (Figure 4.10).  This explains the 
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nonsymmetrical emission profile as well the ARES EL peak at 10° instead of 0°. With a 

parabolic design a narrow FWHM can be attached similar to that of the simulated 1/10 aspect 

ratio OLED.  

 

 

 

Figure 4.9 ARES profile of asymmetrical distribution for OLED with and without mirror at 520 

nm wavelength. 

 

4.4 Conclusion 

In summary, we have proposed and experimentally demonstrated beam shaping of a 

green OLED by using a curved mirror. The smallest emission profile of 0.54° FWHM was 

simulated with the 1/100 device. The aspect ratio of 1/10 is identified as the optimal aspect ratio 

for Parabolic OLED due to it percentage of light emitted within 20°.  By rotating the parabolic 
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mirror, the emission beam can be rotated with improved directionality and brightness making 

this method ideal for directional lighting applications. 

 

4.6 Experimental Section  

100 nm thick ITO was sputtered on top of epoxy as the bottom electrode, followed by a 

series of thermal evaporations of organic layers. The organic layer structure is HAT-CN 5 

nm/TAPC 50 nm// 7% Ir(ppy)2(acac)): CBP 20 nm/ B3PYMPM 10 nm/ Bphen 50 nm/ LiF 2 nm/ 

Al 100 nm. All the thermal evaporations and sputtering were performed under high vacuum of 10-

7 torr. The device area is 2 mm × 2 mm. 

 

Figure 4.10 (a) Top view schematic the OLED with the mirror. The red circle indicates the 

focused detection region of photodetection. (b) Schematic of ARES setup. 
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CHAPTER 5 SUMMARY AND FUTURE WORK 

 

5.1 TEOLED Light Extraction  

This work focused on improving the external quantum efficiency of a top emitting OLED 

and tuning the beam shape up the emission profile. First, we investigate a novel technique for 

removing trapped light from a TEOLED. Due to waveguide and surface plasmon polariton (SPP) 

modes, the light outcoupling efficiency of a top emitting organic light emitting diode (OLED) is 

just 23%. Extraction of trapped modes will result in a reduction in power consumption of the 

system and an increase in device lifetime. We present a TEOLED structure with a dielectric 

spacer to block the SPP mode and a pattern back mirror to extract the waveguide modes. We 

study a variety of nano- and micro-patterns and conclude that a micro mirror array (μMA) with a 

100% fill factor extracts waveguide modes most effectively while reducing absorption loss. The 

optimized μMA system with the highly translucent top Mg: Ag electrode achieves a 36% 

external quantum efficiency (EQE), which is two times that of the reference device. However, 

this study is limited to Dome shaped micro and nano structures. A more comprehensive study of 

various shapes such as pyramid or cylindrical will be needed to confirm the optimal shape for 

waveguide light extraction. 

 

5.2 Beam Shaping  

In the final section discusses a beam shaping technique for OLEDs was investigated. 

Although most OLED devices emit light with a Lambertian profile, collimated light is needed for 

applications such as vehicle headlights, virtual reality displays, and projected displays. We show 

directional emission in an OLED in this work using a hemi-sphere reflective mirror. As opposed 
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to a traditional OLED, the design improves forward brightness by 2.4 times. We demonstrate the 

desired aspect ratio of the pixel to mirror dimension using optical simulation. Additionally, we 

demonstrate that by changing the parabolic mirror scale, the forward brightness can be improved 

further, and the emission path can be tuned. Further study of a device with both transparent 

electrodes will need to be conducted to eliminate the minimal light block by the current 

reflective electrode. This research paves the way for the mass producibility of collimated in 

novel direction emission lighting at a low cost. 

 

 

 

 

 

 

 

 

 

 


